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rights  are  reserved  by  the  Society. 

2.  By  two  weeks  after  the  close  of  the  Conference  at  which  the 
papers  are  presented,  the  Society  shall  make  known  to  the 
authors  those  papers  selected  to  be  considered  for  publication. 
All  other  papers  are  released  to  their  authors  with  the 
stipulation  that  if  they  are  published  elsewhere,  accompanying 
credit  shall  be  given  the  Society  and  the  Conference  at  which 
they  are  presented. 

3.  The  Society  shall  not  grant  previous  or  simultaneous  publishing 
rights  to  any  of  the  papers  it  intends  to  publish. 

4.  The  Society  shall  not  be  responsible  for  statements  or  opinions 
advanced  in  publications,  reports,  papers  or  in  discussion  at 
its  meetings  unless  specifically  approved  by  Council. 

5.  An  abstract  not  to  exceed  one-third  the  original  of  any  paper 
presented  at  a  Conference  may  be  published  without  further 
permission  from  the  Society  provided  accompanying  credit  is 
given  to  the  Society  of  Plastics  Engineers  and  the  specific 
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ABSTRACT 

^-This  characterization  and  classification  has  been  developed  to  provide  a  basis 
for  further  development  and  evaluation  of  raw  materials  in  epoxy  molding  compounds., 
Typical  property  ranges  for  each  class  of  compounds  are  listed  to  demonstrate  the  _ 
present  state  of  the  art  and  provide  a  basis  of  comparison  for  future  development,  z' 


INTRODUCTION 

Formulated  molding  compounds  have  been  available  for  over  fifteen  years.  Dur¬ 
ing  that  time,  there  has  been  a  continuous  development  in  technology  which  has  re¬ 
sulted  in  more  diversified  formulations  to  meet  different  types  of  applications. 
These  diversified  formulations  are  possible  through  the  unique  properties  offered 
by  the  epoxy  family. 

In  attempting  to  develop  and  evaluate  new  resins  and  hardeners  for  molding 
compounds,  it  is  first  necessary  to  characterize  the  variables  encountered  in 
molding  technology  and  classify  existing  materials  by  some  meaningful  parameters. 

It  is  important  to  note  that  this  classification  is  developed  for  the  purpose  of 
evaluating  raw  materials  and  should  not  impose  any  restriction  on  present  or  future 
formulation  and  performance  requirements. 

An  epoxy  resin  is  generally  defined  as  any  molecule  containing  more  than  one 
epoxy  group  capable  of  being  converted  to  a  useful  thermoset  form.  Typical  of 
those  resins  finding  use  in  molding  compound  formulations  are  the  bisphenol  types 
and  the  high  functionality  novolac  types  (see  Figure  1). 

The  conversion  of  an  epoxy  resin  from  a  thermoplastic  to  a  therraoset  material 
occurs  principally,  through  the  reaction  of  the  epoxy  groups.  In  molding  com¬ 
pounds,  this  is  accomplished  by  the  addition  of  hardeners  which  co-react  with  the 
resin  and  accelerators  which  may  be  used  to  increase  the  rate  of  reaction.  Typi¬ 
cal  of  hardeners  used  are  amines,  acid  anhydrides  and  phenolic  hydroxyl  containing 
materials  such  as  novolacs  (see  Figure  2). 

Since  each  of  the  generic  families  of  epoxy  resins  and  hardeners  can  be  sup¬ 
plied  in  different  viscosity  or  melting  point  ranges,  binder  systems  for  molding 
compounds  can  be  formulated  to  meet  a  wide  range  of  elevated  temperature 
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viscosities.  This  permits  the  development  of  compounds  which  have  different  mold 
flow  capabilities  and  wetting  characteristics .  In  addition,,  epoxy  resins  exhibit 
rapid  changes  in  viscosity  with  respect  to  changes  in  temperature,  permitting  the 
formulation  of  systems  which  are  solid  at  room  temperature  but  still  capable  of 
low  viscosities  at  molding  temperatures.  Epoxy  systems  are  100  per  cent  reactive 
and  no  by-products  are  generated  during  the  cure  cycle.  Epoxy  binder  systems  can 
be  formulated  to  meet  specific  gel  and  cure  times.  When  properly  formulated  and 
cured,  epoxy  systems  possess  good  mechanical  strength,  excellent  electrical  proper¬ 
ties,  and  good  chemical  resistance.  These  systems  are  also  capable  of  relatively 
high  deflection  temperatures,  low  mold  shrinkage,  and  low  thermal  expansion  pro¬ 
perties  which  reflect  good  dimensional  tolerances. 

Epoxy  molding  compounds  are  capable  of  undergoing  an  irreversible  chemical 
reaction  in  relatively  short  periods  of  time  when  molded  under  heat  and  pressure. 
They  are  supplied  as  single-package  systems  which  are  engineered  to  meet  differ¬ 
ent  molding  parameters  and  application  requirements.  They  include  formulated  com¬ 
pounds  which  range  from  low  melt,  long  flowing  transfer  molding  types  to  highly 
reinforced  compression  molding  types. 

In  order  to  evaluate  new  resins  and  hardeners  for  their  suitability  in  epoxy 
molding  compound  formulations,  it  was  necessary  to  assess  the  present  state  of  the 
art.  This  was  accomplished  by  the  evaluation  of  four  interrelated  parameters  con¬ 
sisting  of;  Formulation,  fabrication,  molding  and  application  (see  Figure  3)° 

A.  Formulation 

An  epoxy  molding  compound  formulation  consists  of  two  principal 
components  which  are  the  vinder  and  the  filler  systems  (see 
Figure  4) . 

The  binder  system  contains  the  chemically  reactive  ingredients 
of  the  formulation  and  is  capable  of  undergoing  a  reaction  when 
exposed  to  heat  and  pressure  resulting  in  a  thermosetting  product. 

The  ultimate  purpose  of  the  binder  system  is  to  provide  cured 
properties  consistent  with  the  application's  requirement.  As  dis¬ 
cussed  earlier,  epoxy  systems  permit  a  wide  latitutde  of  variation 
with  respect  to  the  generic  family  of  resin  and  the  curing  mechan¬ 
ism  which  may  be  used.  Often,  different  generic  resins  are  com¬ 
bined  in  order  to  develop  systems  which  yield  modified  properties 
or  handling  characteristics.  For  example,  a  bisphenol-A  type 
resin  can  be  combined  with  a  high  functionality  epoxy  novolac 
resin  to  yield  a  system  with  a  compromise  in  functionality  and 
cured  flexibility  as  compared  to  each  of  the  original  resins.  In 
addition,  the  chemical  resistance  of  a  system  toward  specific  re¬ 
agents  can  be  influenced  by  the  curing  mechanism  used.  An  acid 
anhydride  hardener  will  offer  excellent  resistance  to  acid  environ¬ 
ments  while  an  amine  cure  will  offer  maximum  resistance  to  alkaline 
environments.  The  flow  profile  of  an  epoxy  molding  compound  de¬ 
pends  not  only  upon  the  concentration  of  binder  system  contained 
in  the  formulation  or  melt  viscosities  of  the  raw  materials  which 
make  up  the  binder  system,  but  in  part,  also  depends  upon  the  re¬ 
activity  of  the  system  under  specific  molding  conditions.  Re¬ 
activity  or  gel  times  are  often  adjusted  by  the  addition  of  an  ac¬ 
celerator.  Through  this  single  modification,  different  flows  and 
cured  properties  can  be  realized. 
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The  filler  system  consists  of  extenders  and/or  reinforcements  of 
various  types  as  well  as  pigments,  and  in  some  cases,  internal  re¬ 
lease  agents  0  Although  the  filler  system  is  not  ordinarily  chemical¬ 
ly  reactive  (except  through  surface  coatings  which  may  be  present  as 
coupling  agents),  it  does  contribute  to  the  flow  profile  and  ultimate 
cured  properties  of  the  system.  The  more  common  extenders  are  silicon 
dioxide,  dolomitic  materials,  talcs,  and  other  minerals  usually  having 
classified  particle  sizes.  Extenders  are  added  for  the  purpose  of  re¬ 
ducing  compound  cost  and  to  yield  specific  cured  properties,  such  as 
low  shrinkage  and  thermal  conductivity.  Reinforcing  fillers  such  as 
glass,  asbestos,  or  synthetic  fibers  are  usually  added  to  enhance  the 
compound's  mechanical  properties.  In  recent  years,  materials  have 
been  added  to  formulations  to  yield  controlled  specific  gravities. 

The  filler  system  is  formulated  to  meet  specific  application  re¬ 
quirements  and,  therefore,  fabrication  and  molding  parameters  are 
usually  influenced  by  the  type  of  filler  system  involved.  Highly  re¬ 
inforced  compounds  are  usually  intended  for  compression  molding  tech¬ 
niques  where  fiber  integrity  can  be  maintained  during  the  molding 
cycle.  Encapsulating  grade  compounds  usually  do  not  include  a  high 
degree  of  reinforcement,  therefore,  these  materials  can  be  transfer 
molded.  The  filler  system  may  combine  the  extreme  characteristics  of 
an  encapsulation  transfer  compound  and  a  highly  reinforced  compres¬ 
sion  compound  in  order  to  meet  compromised  requirements. 

B.  Fabrication 


Chemical  and  physical  properties  of  the  binder  and  filler  systems, 
as  well  as  the  intended  application  and  molding  parameters,  will 
influence  fabrication  technology. 

Typical  properties  affected  by  fabrication  are  shelf  life,  retention 
of  reinforcement  integrity,  product  uniformity,  and  product  repro¬ 
ducibility.  Two  types  of  finished  compound  formulations  emerge  as  a 
result  of  the  fabricating  considerations.  They  are  the  single¬ 
component  compounds  in  which  all  ingredients  have  lost  their  indi¬ 
vidual  identity  and  integrity,  and  the  multi-component  compound  which 
is  an  admixture  of  ingredients.  The  fabrication  methods  utilized  to 
manufacture  single-component  compounds  involve  coating  the  entire 
filler  system  with  the  binder  system.  The  multi-component  system  can 
be  fabricated  in  a  manner  where  all  ingredients  are  reduced  to  a 
suitable  particle  size  and  mixed. 

Melt,  liquid,  solvent,  dry  or  combinations  of  these  blending  methods 
are  used  to  fabricate  either  single  or  multi-component  systems. 

These  blending m ethods  are  defined  as  follows: 

1.  Melt  Blend 

A  process  using  heat  to  melt  one  or  more  solid  ingredients 
to  form  a  single-component  molding  compound  or  a  formulated 
ingredient . 

2.  Liquid  Blend 

A  process  using  one  or  more  ingredients  which  are  liquid 
at  room  temperature  to  form  a  single-component  molding 
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compound  or  a  formulated  ingredient » 

3.  Solvent  Blend 

A  process  using  one  or  more  solvents  in  combination  with  the 
the  binder  to  form  a  varnish  solutiono 

4.  Dry  Blend 

A  process  using  solid  ingredients  admixed  so  as  to  maintain 
their  individual  characteristics o 

Solid  ingredients  are  most  suitable  for  the  melt  blend  process „  This 
fabricating  approach  requires  that  the  resin  and  hardener  system 
be  capable  of  melting  in  order  to  incorporate  fillers.  Since  heat 
is  associated  with  this  process,  the  extent  of  binder  advancement 
will  depend  upon  the  reactivity  of  the  ingredients  (see  Figure  5)» 

A  liquid  blend  fabricating  process  is  capable  of  utilizing  liquid 
resins  and  hardeners  in  binder  systems.  Since  the  ingredients  are 
in  liquid  form  at  room  temperature,  a  minimum  of  heat  is  required 
to  reduce  their  viscosity.  Filler  can  then  be  incorporated  and 
wet-out  at  relatively  low  process  temperatures.  However,  if  a 
grindable  compound  is  desired,  the  total  system  must  be  advanced 
("B"-staged) o  This  requires  that  the  resin  and  hardener  be  capable 
of  undergoing  predictable  partial  reaction  under  controlled  process 
conditions  (see  Figure  6), 

A  wide  range  of  liquid  or  solid  resins  and  hardeners  can  be  used 
in  the  solvent  blend  process.  This  process  involves  dissolving  the 
binder  system  in  a  suitable  solvent  to  yield  a  varnish  solution,  A 
filler  system  (extender  and/or  reinforcement)  is  then  wet-out  by  the 
varnish  solution,  and  the  solvent,  subsequently,  removed  under 
elevated  temperature.  This  requires  that  the  binder  system  be 
capable  of  minimum  advancement  under  the  necessary  solvent  evapora¬ 
tion  process  (see  Figure  7)» 

A  dry  blend  fabrication  process  involves  the  admixing  of  coarse 
ground  ingredients.  The  total  mix  is  then  reduced  in  particle  size 
so  as  to  yield  a  macroscopic  homogeneous  blended  powder.  Variation 
of  this  process  can  involve  first  coating  parts  of  the  filler  with 
resin  and  part  with  hardener  by  the  melt  blend  or  solvent  blend 
process.  The  coated  components  are  then  admixed  in  the  appropriate 
ratio  and  the  mix  is  reduced  in  particle  size  to  a  macroscopic 
homogeneous  powder.  In  either  case,  the  pulverized  powder  is  then 
densified,  ground,  and  classified  to  a  suitable  particle  size  dis¬ 
tribution  (see  Figure  8), 

C,  Molding 

Epoxy  molding  compounds  are  supplied  in  a  variety  of  densities 
(bulk  factors)  which  are  a  function  of  formulation  and  fabrication. 
The  bulk  factors  may  range  from  1,5  to  greater  than  15,  These 
values  are  usually  reduced  by  mechanically  or  hydraulically  pre¬ 
forming  the  material  into  appropriate  sizes  and  shapes.  This 
facilitates  material  handling,  preheating,  and  mold  loading,  Pre- 
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heating  is  required  in  most  cases  in  order  to  ensure  uniform  material 
flow  and  cure. 

The  primary  molding  techniques  employed  with  epoxy  molding  compounds 
are  compression  and  transfer  molding.  During  compression  molding,  the 
lower  section  of  the  mold  is  charged  with  a  material  which  is  then 
formed  under  heat  and  pressure  by  forcing  in  the  upper  section  (see 
Figure  9)  o 

Transfer  molding  involves  the  transfer  of  molten  compound  under  heat 
and  pressure  from  a  pot  through  a  series  of  runners  and  gates  to  a 
cavity  (see  Figure  10), 

Compression  molding  uses  materials  containing  high  reinforcement  to 
produce  structural  parts,  ^y  displacement  methods,  the  reinforcement 
integrity  is  maintained. 

Transfer  molding,  on  the  other  hand,  depends  on  good  flow  properties 
and  generally  involves  materials  with  small  particle  size  filler  sys¬ 
tems.  This  molding  technique  is  utilized  where  structural  require¬ 
ments  are  comparatively  low  and  high  rates  of  production  desired. 

The  performance  of  a  compound  will  greatly  depend  upon  the  mold 
design  as  well  as  the  molding  technique.  Compounds  are  engineered 
not  only  for  their  cured  properties  but  also  for  their  behavior  under 
specific  molding  parameters. 

D.  Application 

These  are  arbitrarily  divided  into  four  general  classes  which  are: 

1.  Electrical  encapsulation  application 

2.  Electrical  and/or  chemical  structural  application 

3.  Structural  application 

4.  Special  application 

Each  class  imposes  its  own  material  requirement  which  can  be  met 
through  the  coordination  of  proper  formulating,  fabricating  and 
molding  considerations . 

1,  Electrical  encapsulation  application 

The  molding  characteristics  of  epoxy  transfer  molding 
systems  make  them  highly  suitable  for  the  encapsulation 
of  electrical  components.  Epoxy  compounds  can  be  used 
in  molding  reliable  components  at  high  production  rates 
and  low  cost.  This  technique  is  often  replacing  such 
technology  as  potting,  casting  and  fluidized  bed  coating, 
particularly  where  improved  dimensional  tolerances  and 
higher  production  rates  are  required.  Electrical  encap¬ 
sulation  includes  small  electronic  and  larger  electrical 
components. 

Typical  of  the  small  electronic  component  is  a  semi-con¬ 
ductor  where  a  high  degree  of  material  purity  and  process 
control  is  required.  The  molds  utilized  to  encapsulate 
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semi-conductors  may  be  designed  with  as  many  as  fifty  or 
more  cavities „  This  requires  that  the  compound  have  a  low 
melt  viscosity  coupled  with  suitable  gel  time  to  enable 
long  flow  at  low  molding  pressure » 

Representative  of  larger  electrical  components  are  coils. 
Although  this  application  does  not  require  electrical 
properties  as  good  as  needed  for  semi-conductors,  encap¬ 
sulated  coils  do  require  compounds  which  exhibit  higher 
cured  mechanical  properties.  The  molds  utilized  in  the 
encapsulation  of  coils  do  not  include  a  large  number  of 
cavities.  However,  good  flow  is  still  required  due  to  the 
volume  of  material  that  must  be  transferred  to  encapsulate 
the  larger  coil  insert.  In  addition,  low  melt  viscosity 
systems  are  necessary  to  permit  the  transfer  of  the  mater¬ 
ial  at  low  pressures  in  order  to  prevent  distortion  of  the 
insert  during  the  molding  cycle. 

2.  Electrical  and/or  chemical  structural  application 

Characteristic  components  are  associated  with  an  elec¬ 
trical  and/or  chemical  application  requiring  some  struc¬ 
tural  integrity.  Transfer  and  compression  are  both  ap¬ 
plicable  as  molding  techniques.  Components  for  this  ap¬ 
plication  may  be  small  or  large. 

Examples  of  small  components  are:  connectors,  bobbins, 
potting  cases,  pump  impellers,  etc.  These  components  re¬ 
quire  some  mechanical  strength  coupled  with  good  elec¬ 
trical  and/or  chemical  properties.  Whenever  possible, 
gransfer  molding  techniques  are  used  to  realize  higher 
production  rates. 

For  larger  parts,  such  as  pipe  fittings,  switchgear, 
etc.,  where  higher  strength  is  needed,  compression  mold¬ 
ing  is  utilized. 

For  this  application,  higher  molding  pressures  can  be 
tolerated  since  sensitive  inserts  are  not  generally  in¬ 
volved  as  part  of  this  molding  operation.  Therefore, 
flow  capability  may  be  sacrificed  for  increased  rein¬ 
forcement. 

3.  Structural  application 

Typical  of  this  application  are  molded  components  such 
as:  pipe  fittings,  textile  spinning  buckets,  pump  hous¬ 
ings,  impellers,  etc.  The  major  requirement  imposed  is 
high  mechanical  strength  which  may  be  coupled  with  good 
electrical  or  chemical  properties.  Materials  which 
meet  these  needs  are  highly  reinforced  systems  and,  as  a 
result,  usually  dictate  compression  molding  techniques 
in  order  to  retain  the  integrity  of  the  reinforcement 
during  the  molding  cycle.  Structural  components  may  vary 
in  shot  weight  from  50  grams  or  less  to  more  than  5»000 
grams  per  shot. 
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4,  Special  application 

Included  within  this  area  are  applications  which  involve  a 
specialized  property  or  performance  requirement  not  pre¬ 
viously  coveredo  Examples  of  these  include:  specific 
gravity  for  aerospace,  marine  or  ballistic  applications, 
wear  characteristics  for  bushing  or  gear  applications,  and 
electrical  or  magnetic  properties  for  microwave  guides  or 
communication  systems.  Materials  utilized  for  these  ap¬ 
plications  vary  greatly  in  formulation  and  cannot  be  spe¬ 
cifically  characterized  because  of  the  diverse  require¬ 
ments. 


CLASSIFICATION 

Two  considerations  emerge  as  a  result  of  the  evaluation  of  formulation,  fab¬ 
rication,  molding  and  application  characterizations.  These  are:  flow  capability 
and  reinforcement.  This  classification  of  epoxy  molding  compounds  is  based  on 
these  two  criteria  and  is  divided  into  four  broad  basic  grades  of  material. 

A.  Type  I  -  Encapsulating  Transfer  Grade 

This  classification  includes  compounds  which  are  designed  for  high 
flow  and  low  pressure.  Formulations  of  this  type  have  binder  sys¬ 
tems  with  a  low  melt  viscosity  at  molding  temperatures.  In  addition, 
they  include  filler  systems  which  are  unreinforced  and  enable  ma¬ 
terial  flow  at  relatively  low  pressures  through  small  gates  into 
multi-cavity  molds.  Fabricating  techniques  are  employed  which  yield 
free  flowing,  multi -component  or  single-component  powders  or  granular 
compounds  capable  of  being  preformed.  The  Type  I  materials  are  util¬ 
ized  primarily  in  electronic  and  electrical  applications.  Therefore, 
they  should  have  good  barrier  protection  and  good  electrical  proper¬ 
ties  for  encapsulated  components  when  exposed  to  adverse  environ¬ 
ments.  Systems  with  a  high  degree  of  chemical  purity  in  both  the 
binder  and  filler  components  are  required.  Also,  these  materials 
should  have  reliable  flow  properties  in  order  to  meet  the  highly 
sensitive  encapsulating  molding  parameters. 

B.  Type  II  -  High  Pressure  Transfer/Low  Pressure  Compression  Grade 

Representative  of  this  type  are  materials  where  flow  can  be  sacri¬ 
ficed  for  reinforcement  addition.  Although  compounds  of  this  type 
may  be  utilized  for  components  associated  with  electrical  and/or 
chemical  applications,  they  are  not  usually  intended  as  encapsulat¬ 
ing  materials.  Therefore,  the  high  degree  of  formulation  purity 
imposed  on  Type  I  materials  is  not  required.  In  addition,  since 
varying  degrees  of  structural  integrity  are  associated  with  this 
type,  different  amounts  of  reinforcement  are  incorporated.  The 
fabrication  parameters  are  adjusted  so  as  to  permit  retention  of 
the  structural  capability  of  the  system.  For  applications  requiring 
a  minimum  degree  of  reinforcement,  systems  are  engineered  to  permit 
transfer  molding  at  higher  pressures  and  usually  through  larger 
gates  than  encountered  with  Type  I  materials.  When  a  higher  degree 
of  reinforcement  is  necessary,  then  compression  molding  techniques 
are  utilized. 
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Co  Type  III  -  Compression  Molding  Grade 

Materials  of  this  type  are  designed  primarily  for  applications  re¬ 
quiring  superior  mechanical  properties  andj  as  suchj  are  high  pres¬ 
sure  compression  molding  compounds o  The  usual  means  of  obtaining 
high  structural  strength  is  by  reinforcement  with  long  glass  fiber. 
This  necessitates  using  compression  molding  techniques.  Fabricating 
parameters  for  this  type  of  material  include  premix  as  well  as 
chopped  prepreg  technology.  These  Type  III  compounds  are  usually 
supplied  in  a  fiberous  form  capable  of  preforming  for  purposes  of 
handling  and  mold  loading. 

D.  Type  IV  -  Miscellaneous  Grade 

Simply  stated^  this'  type  includes  any  system  not  included  under 
Types  I,  II  and  III  and  which  are  formulated  for  special  applica¬ 
tions  . 


TYPICAL  PROPER|y  RANGE 

In  an  attempt  to  indicate  the  present  state  of  the  art,  commercially  ayailable 
formulations  were  classified  according  to  the  supplier’s  application  and  molding 
recommendations.  The  supplier's  reported  physical  data  for  each  material  was  then 
compiled  and  a  range  tabulated  for  the  listed  properties.  Fipre  11  lists  the  re¬ 
sults  of  the  compilation.  A  property  range  for  Type  IV  materials  has  not  been  in¬ 
cluded  since  the  diyersification  of  special  applications  does  not  lend  itself  to  a 
practical  property  range. 
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FIGURE  9  Compression  molding  cycle 


FIGURE  10  Transfer  molding  —  Plunger  type 


TYPICAL  PROPERTIES^ 

(Comi-i lation  of  Manufacturers*  Published  Data) 


Type  I 

Type  11 

Type  III 

Molding  Parameter 

High  Flow/ 

Low  Flow/ 

Compression 

Low  Pressure 

Low  Pressure 

Transfer 

Compression 

Storage  Capability 

6  mont 

IS  0  32°F  to  1  yi 

0  72°F 

^Bulk  Factor 

1.5  to  2.5 

1.5  to  5.0 

3.0  to  15.0 

2 

Specific  Gravity 

1.5  to  2.5 

1.5  to  2.5 

1.5  to  2.5 

^Tensile  Strength,  psi,  x  10^ 

5  to  10 

7.5  to  15 

15  to  30 

2  3 

Flexural  Strength,  psi,  x  10 

10  to  16 

15  to  25 

25  to  60 

2  3 

Compression  Strength,  psi,  x  10 

25  to  35 

30  to  40 

^Impact  Strength 

Izod  Notched  ft.  lbs. /in. 

0.3  to  0.5 

0.5  to  10 

10  to  50 

Water  Absorption  24  hrs.  @  77®F,  % 

0.05  to  0.10 

0.05  to  0.10 

0.05  to  0.10 

0  122°P,  % 

0.35  to  0.50 

0.10  to  0.40 

0.10  to  0.30 

Coefficient  of  Thermal  Expansion 

in,/in./“C  (-30"C  to  +  30“C)  x  10“^ 

2.0  to  5.0 

1.5  to  4.0 

1.5  to  2.5 

Coefficient  of  Thermal  Conductivity 

cal/sec/cm^/®C/cm,  x  10~ 

6  to  16 

12  to  35 

12  to  18 

Deflection  Temperature,  ®F 

300  to  550 

350  to  550 

300  to  600 

Mold  Shrinkage,  in. /in.,  x  10  ^ 

2  to  20 

_ i 

1  to  20 

1  to  10 

According  to  ASTM  Test  Methods 

Assumed  tests  were  run  at  room  temperature  (77°F} 

FIGURE  11  Typical  properties'! 
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TRANSFER  MOLDING  OF  ELECTRICAL  COMPONENTS 


Wo  Do  Norring 
and 

John  Delmonte 

Furane  Plastics,  Inco 
Los  Angeles,  California 


^  The  introduction  of  transfer  moldable  epoxies  to  electrical  industries 
several  years  ago  has  brought  a  tremendous  surge  of  interest  to  these  compounds o 
Ease  of  flow  at  comparatively  low  pressure  and  low  temperature  has  kindled  inter¬ 
est  in  the  prospects  of  improved  insulation  for  the  electrical  industry.,  The 
beneficial  effects  of  pressure  applied,  100  per  cent  solids,  insulation,  are  sum- 
marized^n  Figure  1. 

The  insulation  engineer  will  recognize  the  significances  attached  to  the 
claims  which  are  tabulated  in  Figure  1,  They  are  so  germane  to  a  discussion  of 
transfer  molding  that  an  eclectic  review  will  assist  an  analysis « 


PRESSURE 

One  may  reason  that  the  greater  the  pressure  the  more  complete  the  penetra- 
tiono  There  are  limits «  Excessive  pressures  may  mechanically  disturbe  elements 
which  are  being  protected  by  the  applied  insulationo  As  suggested  by  elements 
contained  in  the  X-ray  of  Figure  2,  there  are  fine  connections,  capacitors,  and 
semi-conductive  devices  which  high  molding  pressures  would  disarrange.  Moderate 
pressures  which,  for  the  time  being,  we  will  describe  as  1000  psi  or  under,  are 
desired,  and  fulfilled  by  transfer  molded  epoxies.  Many  successful  commercial 
wire  wound  units,  such  as  solenoids  and  small  transformers,  are  insulated  in 
this  manner.  See  Figure  3  illustrating  transfer  molded  uni-ts  of  the  Square  D 
Company.  The  interrelations  of  pressure/time/temperature  are  examined  in  greater 
detail  later  in  this  paper. 


PENETRATION 

The  optimum  penetration  of  100  per  cent  solids  forming  dielectric  as  an 
insulation  in  an  electrical  component,  is  accompanied  by  elimination  of  voids 
whether  due  to  gases,  shrinkage,  or  dead  air  spaces.  When  a  solid  insulation 
media  replaces  voids,  there  is  an  improvement  in  heat  transfer;  a  reduction  of 
corona  losses;  less  chance  for  moisture  vapor  penetration;  and  attenuation  of 
noise  levels  due  to  vibration.  Pressure  applied  insulation  (via  transfer  molding) 
accomplishes  these  objectives  much  more  expeditiously  than  mannualy  applied  or 
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gravity  poured  insulation. 


GAS  ENTRAPMENT 

Gases  may  well  be  one  of  the  contributors  to  voids  noted  in  the  paragraph 
above.  For  reasons  already  cited,  pressure  application  will  keep  this  to  a  minimum. 
It  should  also  be  noted  that  the  inherent  low  cure  shrinkage  of  the  epoxies,  the 
inertness  of  the  transfer  molded  epoxy  insulation  relative  to  other  materials,  con¬ 
comitant  with  electrical  components;  and  its  volatile-free  cure  mechanism,  qualify 
them  as  negligible  contributors  to  formation  of  gaseous  by-products. 


CONSOLIDATION 

Pressure  application  of  insulation  about  diverse  components  is,  in  effect,  a 
process  of  consolidation  or  integration.  The  insulation  is  the  matrix  or  continu¬ 
um  in  which  are  imbedded  copper,  steel,  silicon,  ceramics,  phenolics,  glass,  etc. 

-  all  elements  or  compounds  comprising  the  component.  This  matrix  must  have  the 
mechanical  soundness  and  dielectrical  qualities  essential  to  performance  reliability. 
Properties  of  transfer  molded  EPOCAST  400  epoxies  are  illustrated  in  Figure  4  to 
indicate  these  characteristics  which  go  hand-in-hand  with  good  moldability. 


SAVINGS 

The  accomplishment  of  the  objectives  noted  in  the  paragraphs  above  is  es¬ 
pecially  succinct  when  it  is  noted  that  there  are  important  savings  in  manufactur¬ 
ing  costs.  The  current  trend  towards  transfer  molded  epoxies  by  major  electrical 
and  electronic  manufacturers  is  a  measure  of  the  acceptance  of  this  concept. 


pressure/time/temperature 

Fundamentals  of  transfer  molding  epoxies  are  closely  related  to  the  behavior 
of  materials  under  pressure,  time  and  temperature  variables.  This  sequence  of 
processing  operations  is  noted  in  Figure  5. 

As  suggested  in  Figure  5>  the  behavior  patterns  of  the  transfer  molded  epox¬ 
ies  are  very  much  controlled  by  the  applied  pressure,  temperature  and  elapsed 
time.  To  study  these  fundamental  variables  an  experimental  molding  press,  manu¬ 
factured  by  Furane,  equipped  with  a  sensor  to  measure  ram  movement,  see  Figure  6, 
has  allowed  us  to  record  characteristics  of  commercial  molding  materials.  These 
data  have  been  important  as  quality  control  measures  on  manufactured  molding  ma¬ 
terials  of  the  EPOCAST  400  series.  A  group  of  charts  are  reproduced  covering  the 
following  conditions,  involving  flow  into  an  EMMI  spiral  flow  mold  (see  Figure  7). 

Of  course,  the  spiral  flow  mold  behavior  is  not  necessarily  a  guarantee  of 
performance  for  an  infinite  variety  of  mold  configurations,  though  it  does  provide 
a  reference  base  as  a  standard  -  the  flow  distance  and  the  time  duration  of  flow 
at  different  pressures  and  temperatures  provide  molders  with  basic  information 
that  is  needed. 

Much  more  can  be  said  and  will  be  published  upon  these  new  techniques  of 
pressure  applied  insulation.  We  hope  that  the  elucidation  of  fundamental  pro¬ 
cessing  variables  and  examination  of  the  characteristics  of  transfer  molded 
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epoxies  have  demonstrated  their  latent  potential » 


Editor's  Note:  Figures  2,  3»  ^  and  6  referred  to  in  this  paper,  were  not  available 
at  the  time  of  publication. 
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PRESSURE  APPLIED  INSULATION 


WILL 


Achieve  maximum  penetration  into  voids, 

Minimize  entrapment  of  gases, 

Consolidate  diverse  elements  into  a  unified  package,  and 
Effect  savings  in  manufacturing  costs. 


FIGURE  1 


GRANULES  OF  TRANSFER  MOLDED  EPOXIES  (ToM.Eo)  AREs 

1.  Measured  and  placed  in  transfer  pot,  or 

2.  Preformed  and  placed  in  transfer  pot,  or 

3»  Preformed,  preheated,  and  placed  in  transfer  pot. 

PRESSURES  ARE  APPLIED  BY  HYDRAULICALLY  ACTUATED  RAM,  T.M.E,  FLOWS 
UNDER  PRESSURE  THROUGH: 

a .  Sprue  to 

b.  Runners  to 

c.  Gates  into 

do  Mold  cavities, 

T,M,Eo  encapsulates  the  components  and  cures,  under  pressure,  into 
infusible  and  insoluble  state. 


FIGURE  5 


A.  EPOCAST  403-S3  -  molded  at  250°F.,  and  300°F,,  under 

pressures  of  250,  500  and  100  psi. 

B.  EPOCAST  414  -  molded  at  300°F.,  and  350°F.,  under 

pressures  of  500  and  100  psi. 

Co  EPOCAST  409  -  molded  at  250°F. ,  and  300°F,,  under 

pressures  of  250,  500  and  1000  psi, 

FIGURE  7 
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ENCAPSULATION  OF  ELECTRICAL  COMPONENTS  UTILIZING 
LIQUID  RESIN  MOLDING  TECHNIQUES 


Robert  F,  Zecher 

Hull  Corpo 
Hatboro,  Pao 

and 

Frank  Bell 

Hysol  Corpo 
Olean,  No  Yo 


INTRODUCTION 

There  have  been  essentially  two  processes  usec^or  the  encapsulation  of  ele^ 
ir^ical  and  el'ictrbluc~''cbipo'hehts  in_j:afious  thei^  plastics  resinb^  The 

KTsT  utilx^  one~of  ¥weraFraethods  for  coating^be^vices'wiTir'Tar^^  polymers 
in  essentially  liquid  forms.  These  processes  jna^^e  characterized  by  casting  the 
resin  into  a  form  or  mold  around  the  device^^r  coating  the  device  by  spraying  or 
dipping  it.  The  other  technique  for  encapsulation  uses  the  process  known  as  trans¬ 
fer  molding  to  actually  mold  the  device  i’n  a  coating  of  plastics  which  starts  as  a 
dry  powder,  is  liquefied  under  heat  and  pressure,  and  then  finally  cures  into  its 
final  hardened  state.  ,  / 

Recently,  a  new  process  has  eraerged^hich  combines  some  of  the  features  of 
liquid  resin  techniques  with  the  higher  productivity  of  transfer  molding.  Essen¬ 
tially,  various  resins  in  liquid  form,  can  be  injected  under  pressure  into  a  multi¬ 
cavity  mold  held  under  pressure  by  a  clamping  device  such  as  a  hydraulic  press^^ 
Initial  investigations  of  this  process  indicate  some  success  in  elimii^ting  some  of 
the  shortcomings  of  both  liquid  resin  processes  and  transfer  molding.  'C Although 
liquid  resin  molding  will  probably  not  replace  either  liquid  encapsulation  or  trans¬ 
fer  molding  entirely,  it  will  help  to  bridge  a  gap  between  the  two  processes^n 
two  ways.  First,  apparently  a  wider  range  of  materials  and,  hence,  material  proper¬ 
ties  may  be  possible  with  liquid  resin  molding  than  with  transfer  molding,  thereby 
enabling  the  encapsulation  of  devices  which,  so  far,  have  required  end  properties 
unobtainable  by  transfer  encapsulation;  and  second,  liquid  resin  molding  takes 
place  at  lower  pressures,  making  feasible  the  encapsulation  of  more  fragil  devic¬ 
es,  and  also  lowering  equipment  and  tooling  costs  significantly. 


-  18 


LIQUID  RESIN  MOLDING  »  A  SIMPLE  PROCESS 

Basically,  what  we  call  liquid  resin  molding  consists  of  injecting  a  premixed 
resin  such  as  epoxy,  polyester,  or  silicone  into  a  mold  which  may  be  single  or 
multi-cavity  and  which  is  clamped  together  under  pressure.  Depending  upon  the 
particular  formulation  of  material  used  and  essentially  the  pot  life  of  the  mixed 
resin,  the  storage  reservoir  may  either  consist  of  a  tank  of  premixed  resin  and  , 
hardener  together  with  associated  fillers,  catalysts,  etc.,  or  a  metering,  mixing 
and  dispensing  machine  may  be  substituted  for  the  storage  reservoir  to  provide  es¬ 
sentially  instantaneous  blending  of  resin  and  hardeners  for  prompt  injection  into 
the  mold.  Schematic  diagrams  of  these  two  systems  are  shown  in  Figures  1  and  2, 
From  either  the  storage  reservoir  or  the  dispensing  machine,  the  material  is  fed 
into  a  metering  and  injection  chamber  which  may  be  single  or  multiple,  depending 
upon  the  particular  equipment  involved.  This  chamber  may  be  cooled,  left  at  am¬ 
bient  temperature,  or  heated,  depending  upon  the  particular  resin  system  used. 

The  clamping  device  for  holding  the  two  mold  halves  together  could  be  quite 
simple  in  the  case  of  a  single  cavity  development  mold,  but  for  greater  production 
rates  and  efficiencies,  it  should  be  an  automatic  machine  built  along  the  lines  of 
a  compression  molding  press.  The  mold  is  either  placed  between  heated  platens  of 
the  press,  if  it  is  a  hand  mold,  or  if  a  production  mold,  is  bolted  into  the  press 
frame  permanently  and  contains  its  own  heat,  ejection  system,  insulation,  and  so 
forth.  Devices  can  be  transported  in  and  out  of  the  mold  with  loading  fixtures 
similar  to  those  used  in  transfer  molding  or  loaded  directly  as  in  the  case  of 
hand  molds.  The  press  then  clamps  on  the  devices  under  pressure  and  holds  until 
the  injection  cycle  begins. 

The  beginning  of  the  injection  cycle,  which  is  usually  semiautomatic  and 
again  analagous  to  transfer  molding,  starts  with  actuation  of  the  cylinder  for  in¬ 
jecting  the  metered  charge  of  resin  through  a  nozzle  system  into  the  parting  line 
of  the  mold.  From  the  side  of  the  mold  the  material  flows  through  a  runner  system 
and  then  through  gates  into  the  cavities.  Simultaneously  with  injection,  the  cure 
timer  is  started  and  times  the  cure  or  polymerization  portion  of  the  cycle.  The 
injection  nozzle  may  be  retracted  at  any  predetermined  time  during  the  cure  cycle 
when  the  material  has  set  sufficiently  in  the  runner  so  as  not  to  back  out  of  the 
mold.  One  important  feature  of  the  injection  nozzle  may  be  a  cooling  water  jacket 
which  prevents  the  nozzle  from  overheating  and  precuring  any  material  not  used  in 
the  previous  shot.  The  system  should  be  designed  so  that  essentially  all  material 
metered  into  the  injection  cylinder  is  used  for  one  shot  and  a  completely  fresh 
batch  of  material  enters  for  the  next  cycle. 

At  the  conclusion  of  the  cure  cycle,  the  main  press  opens  exposing  the  molded 
parts  or  freeing  the  hand  mold  for  removal.  At  the  same  time  the  reservoir  system 
transfers  a  fresh  batch  of  material  into  the  injection  cylinder  for  the  next  cycle. 
In  essence,  then,  liquid  resin  injection  is  very  similar  to  transfer  molding  and, 
in  fact,  is  slightly  more  automated  since  material  feeding  is  a  part  of  the  cycle 
and  not  manual.  A  simple  injection  system  tied  into  an  existing  transfer  press  is 
shown  in  Figure 


FEATURES  OF  LIQUID  RESIN  MOLDING  EQUIPMENT 

There  are  several  key  factors  in  liquid  resin  molding  which  point  to  specific 
equipment  design  features.  First,  it  can  be  assumed  that  liquid  resin  molding 
takes  place  at  essentially  lower  pressures  than  transfer  molding.  Much  of  the 
prototype  work  done  so  far  indicates  pressures  as  low  as  15  psi  and  more  generally 
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in  the  range  of  35  to  50  psi  are  more  than  adequate  to  fill  large  production  molds » 
Because  of  this  factor,  clamping  pressure  per  square  inch  of  molded  part  area  can  be 
considerably  lower  than  in  transfer  moldingo  Reducing  clamping  pressure  by  one- 
half  for  a  comparable  molded  part  area  greatly  reduces  the  cost  of  the  equipment 
and  still  leaves  plenty  of  safety  margin »  Conversely,  for  the  same  clamping  tonnage 
as  in  a  transfer  press,  the  platen  area  might  be  enlarged  to  approximately  twice  its 
previous  size  with  corresponding  increase  in  total  molded  part  areao 

Except  for  this  reduction  in  clamping  tonnage  necessary,  the  other  main  fea¬ 
tures  of  a  transfer  press  system  are  desirable »  These  include  a  fast  approach  of 
the  clamping  ram  until  within  approximately  one-half  inch  of  closing  and  then  a 
closely  controlled  closing  speed  to  both  protect  the  mold  from  damage  and  also  to 
allow  the  inserts  to  be  properly  seated  into  lead  slots,  etco  Hydraulic  systems 
afford  much  better  control  of  the  press  movement  and  instantaneous  response  to 
surges  in  injection  pressure,  and,  of  course,  whatever  system  is  used,  the  controls 
must  be  essentially  automatic  once  the  cycle  is  initiated  by  push  buttons = 

The  injection  system  itself  may  consist  of  several  interchangeable  components, 
depending  upon  the  type  of  resin  used,  the  size  of  the  shot,  and  the  best  processing 
parameters  for  a  particular  job.  If  a  storage  reservoir  is  used  for  premixed  mater¬ 
ial,  it  may  be  unheated  or  jacketed  for  either  heating  or  cooling  depending  on  the 
pot  life  and  attendant  storage  problems,  A  metering,  mixing  and  dispensing  machine 
may  also  be  heated  or  unheated,  depending  upon  the  particular  material,  and  while  it 
affords  the  user  freedom  from  concern  about  pot  life  problems,  it  also  represents 
some  inflexibility  in  changeover  to  different  materials  or  varying  ratios  of  resin 
and  hardener  for  different  specific  end  purposes.  In  either  case,  those  familiar 
with  transfer  molding  techniques  will  have  to  become  familiar  with  theproblems  of 
liquid  resin  handling  which  are  essentially  cleanup  problems. 

From  either  the  storage  reservoir  or  the  dispensing  machine,  the  material  is 
fed  to  the  injection  cylinder  system.  Here  again,  a  hydraulic  actuating  system 
provides  more  positive  control  over  speed  and  pressure  than  an  air  system  and  may 
be  taken  right  off  of  the  main  press  hydraulic  supply.  In  many  cases  it  may  be 
desirable  to  convert  a  transfer  press  for  liquid  resin  molding,  and  in  this  case, 
hydraulic  pressure  from  the  old  transfer  system  may  be  used  to  actuate  the  injec¬ 
tion  system  very  nicely. 

The  chamber  where  the  resin  is  actually  metered  must  have  an  adjustable  stop 
and  must  be  at  least  roughly  sized  for  the  general  shot  range  desired  on  the  par¬ 
ticular  machine.  As  previously  mentioned,  it  is  essential  that  all  resin  be  in¬ 
jected  from  the  cylinder  during  any  one  cycle,  thereby  minimizing  the  possibility 
of  precured  resin  setting  up  in  the  injection  system.  For  practical  purposes,  it 
is  impossible  to  construct  an  injection^stem  which  will  accurately  dispense  from 
a  few  grams  to  several  hundred  grams,  so  interchangeable  injection  cylinder  sizes 
may  be  desirable.  The  actual  volume  of  the  shot  is  regulated  by  adjusting  the 
stroke  of  the  cylinder, 

A  jacket  on  the  injection  cylinder  allows  the  material  to  be  brought  up  in 
temperature  or  held  back,  depending  again  on  the  behavior  of  the  particular 
resin  system.  Raising  temperature  may  reduce  viscosity  of  the  material,  but  of 
course,  also  shortens  this  pot  life.  Cooling  the  nozzle  may  be  the  best  answer 
to  eliminating  hangup  in  that  area  as  the  problem  of  heat  transfer  from  the  mold 
into  the  nozzle  must  be  considered.  Disassembly  of  the  entire  injection  cylinder 
and  nozzle  system  must  be  fast  and  simple  in  the  case  of  inadvertent  setup  of  the 
material.  Sophisticated  equipment  should  include  a  method  for  purging  the  entire 
system  with  a  solvent,  particularly  in  the  case  of  shorter  pot  life  materials. 
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CONVERSION  OF  OLDER  TRANSFER  PRESSES 


The  injection  system  is  so  similar  to  the  transfer  process  that  it  would 
seem  very  feasible  to  convert  older  transfer  into  liquid  resin  molding  machines. 

In  fact,  there  seems  to  be  no  reason  why  the  injection  system  ean*t  be  added  as  an 
option  to  the  older  press  so  that  both  the  injection  system  and  the  transfer  mold¬ 
ing  capabilities  are  left  intact.  Since  the  injection  system  can  be  automatic, 
whereas  the  transfer  actuation  is  generally  semi-automatic,  a  slight  change  in  the 
control  function  may  be  needed,  but  most  of  the  other  features  of  a  good  transfer 
system  can  be  utilized,  such  as  the  speed  control,  pressure  adjustments,  timed  cure 
cycle,  automatic  retraction,  and  so  forth. 

New  equipment  may  be  considered  in  light  of  either  (1)  versatility  for  both 
transfer  molding  and  liquid  injection  molding,  or  (2)  economy,  in  which  case  liquid 
injection  molding  will  be  the  less  expensive  of  the  two.  Because  of  the  expect^ 
reduction  in  required  clamping  pressure  explained  above,  the  liquid  injection 
press,  for  the  same  molded  part  area,  will  require  a  smaller  clamping  system.  Ey 
the  same  token,  the  injection  system  will  require  considerably  less  pressure  and 
volume  of  oil  than  the  transfer  system.  This  arrangement  may  be  particularly  desir¬ 
able  where  a  prototype  machine  is  needed  for  experimental  work  or  for  encapsulating 
very  small  parts. 


MOLD  DESIGN 

At  the  present  time,  it  appears  as  though  hardened  tool  steel  molds  are  still 
necessary  for  encapsulation  of  components  with  projecting  leads  or  terminals. 

While  the  use  of  considerably  lower  injection  pressures  in  the  case  of  the  liquid 
resins  has  been  noted,  there  is  still  the  problem  of  damage  to  the  mold  surface  by 
misplaced  leads  or  terminals  being  clamped  under  full  tonnage.  The  additional  cost 
of  hardened  steel  molds  over  softer  steel  is  not  that  much  greater  considering  the 
possibility  of  damage  to  a  softer  mold  under  continuous  production  use. 

Mold  surfaces  must  still  be  highly  polished  and  chrome  plated  for  easy  re¬ 
moval  of  the  material.  The  same  care  is  necessary  in  designing  the  V-slots  and 
guides  for  lead  wires,  and,  of  course,  the  same  close  tolerances  must  be  held  on 
the  individual  cavities  to  produce  uniform  parts.  Ejection  systems  will  still  be 
necessary  in  the  case  of  many  parts,  particularly  where  epoxy  is  used,  and  all  of 
the  other  features  of  transfer  molding,  such  as  vacuum  molding,  pin  positioning 
systems,  and  so  forth,  may  or  may  not  contribute  to  the  flexibility  of  the  liquid 
resin  molding  process. 

In  the  case  of  hand  molds,  however,  it  may  be  possible  to  construct  much 
simpler  and  less  expensive  experimental  and  prototype  tooling.  Here  softer  steels, 
or  perhaps  aluminum,  may  definitely  be  used,  and  there  is  much  experimental  work 
going  on  with  the  use  of  epoxy  tooling.  In  this  respect,  liquid  resin  molding  may 
make  one  of  its  most  significant  contributions  in  reducing  the  cost  of  research 
and  development. 

In  the  actual  layout  of  the  mold  runner  and  gating  system,  there  will  be 
several  differences  from  transfer  molds.  First,  as  already  mentioned,  injection 
will  be  on  the  parting  line,  thereby  eliminating  the  transfer  pot  and  plunger. 
Runner  systems  can  apparently  be  considerably  smaller  than  with  molding  compounds 
because  of  the  reduced  viscosity  of  the  material.  Gates  may  also  be  reduced,  in 
proportion  to  the  amount  and  the  size  of  filler  particles  in  the  material,  par¬ 
ticularly  fibrous  type  fillers.  Venting  appears  to  be  about  the  same  as  with 
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molding  compounds.  Lead  slot  tolerances  must  be  closely  held,  again  as  with  trans¬ 
fer  molds.  However,  there  appears  to  be  a  definite  reduction  in  the  amount  of 
flash  obtained  with  liquid  resin  molding „  primarily  due  to  the  accurate  control  of 
injection  pressures  as  well  as  to  the  very  low  range  of  these  pressures. 


MATERIAL  CHARACTERISTICS 

From  the  material  supplier’s  viewpoint  "injection  molding"  with  liquid  epoxy 
and  other  thermosetting  materials  is  a  natural  development  which  evolved  from  a 
need  to  do  a  good  job  better.  As  indicated  previouslyp  liquid  resin  molding  will 
help  bridge  the  gap  between  transfer  molding  with  powders  and  encapsulation  by 
casting  or  potting  with  liquids.  The  process  will  not  necessarily  replace  these 
established  techniques,  but  it  will  provide  another  tool  for  solving  some  produc¬ 
tion  problems.  The  process  of  molding  with  liquid  resins  is  really  quite  simple, 
but  what  about  the  materials  themselves?  I  will  limit  my  remarks  to  what  should  be 
expected  of  liquid  epoxy  materials  suitable  for  molding  by  injection. 

Actually,  there  is  nothing  surprisingly  new  about  the  materials  used  in  this 
process.  They  are  still  compounded  from  resins,  hardeners,  fillers,  pigments  and 
catalysts  which  the  formulator  must  concoct  into  a  usable  material  with  a  balance 
of  characteristics  required  by  the  user.  It  is  a  fact  that  many  of  the  standard 
liquid  epoxy  materials  now  available  can  be  made  to  work  in  equipment  such  as  des¬ 
cribed  previously. 

If  I  may  presume  to  roughly  structure  the  component  encapsulation  problem,  I 
would  consider  the  vollowing  among  the  main  factors; 

1,  The  encapsulant  must  provide  the  device  with  sufficient  insulation  and 
protection  from  hostile  environments.  Certainly,  this  is  what  we  are 
trying  to  accomplish, 

2,  The  encapsulant  must  be  applied  without  damage  to  the  part, 

3,  The  overall  encapsulation  process  must  be  a  reliable  and  economical 
means  of  producing  such  parts. 

With  regard  to  the  first  factor,  insulation  and  protection,  the  widespread 
acceptance  and  use  of  liquid  epoxy  materials  testifies  to  their  suitability  for 
casting  and  potting  a  variety  of  electrical  and  electronic  devices.  Table  I 
lists  most  of  the  more  important  electrical  and  physical  properties  of  cured 
liquid  epoxies.  These  values  are  typical  and,  in  some  cases,  may  be  improved  by 
formulation  changes.  It  appears  that  the  freedom  to  formulate  for  specific  end 
properties  is  greater  with  liquid  epoxies  than  with  powders.  However,  such 
changes  can  only  be  made  to  the  extent  that  they  do  not  unduly  upset  the  balance 
of  properties.  Some  of  the  basic  trade-offs  are  listed  in  Table  II, 

The  second  factor,  not  damaging  the  part,  brings  up  the  most  important  ad¬ 
vantages  of  a  liquid  epoxy  molding  system  compared  to  transfer  molding.  Liquid 
materials  can  now  be  molded  at  temperatures  as  low  as  200°F, ,  and  probably  lower 
in  the  future,  and  at  pressures  down  to  5  psi. 

The  third  general  area  of  importance  in  the  encapsulation  process,  reli¬ 
ability  and  economy  of  the  system,  necessarily  involves  the  interrelationship  of 
the  equipment  and  material.  The  handling  characteristics  of  liquid  epoxies  are 
quite  important  in  determining  whether  or  not  the  liquid  molding  process  lends 
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itself  to  a  particular  production  situation »  A  range  of  characteristics  of  epoxy 
liquids  can  be  expectedo  For  example,  mixing  ratios  can  be  expected  to  vary  with 
particular  resin/hardener  systems,  but  can  be  made  ranging  from  10:1  to  2:1  for 
convenience  in  hand  or  automatic  mixing » 

Viscosity  of  mixed  and  unraixed  components  at  room  temperature  will  cover  a  wide 
range  from  less  than  100,000  up  to  750,000  centipoise,  depending  upon  end  properties 
required.  Heating  of  the  components  before  mixing  may  facilitate  de-airing  and 
mixing.  Warming  the  mixed  material  may  be  possible  to  facilitate  feeding  by  the 
equipment.  As  the  material  is  injected  into  the  heated  mold,  it  quickly  reaches  a 
very  low  viscosity  which  requires  little  injection  pressure. 

Filler  content  can  be  up  to  70  per  cent  with  higher  percentage  possible  if 
warming  can  be  used  to  help  reduce  the  viscosity.  Fillers  are  the  same  as  those 
widely  used  in  liquid  epoxies  for  casting  and  potting.  A  possible  advantage  of 
liquid  epoxies  over  molding  powders  is  the  ability  to  incorporate  some  types  of 
fillers  which  are  not  commonly  used  in  transfer  molding  powders. 

Workable  pot  life  of  these  liquid  epoxies  is  highly  dependent  upon  the  molding 
cycle  time  required.  If  hand  mixing  is  used,  pot  life  of  eight  hours  or  more  may 
be  desired  at  some  sacrifice  of  increased  molding  cycle  time.  If  rapid  cycle  times 
of  say  30  seconds  at  300°F  are  desired,  it  would  be  advisable  to  use  a  mixing/ 
raetering/dispensing  machine  to  feed  the  injection  cylinder.  This  briefly  explains 
the  reason  behind  the  two  feed  systems  which  were  shown  schematically. 

Gel  time  on  a  300°F  hot  plate  can  be  faster  than  1$  seconds  although  this 
seems  to  be  a  practical  working  limit. 

Molding  cycles  of  30  seconds  at  300°F  have  been  obtained  with  some  liquid 
epoxies  in  ten  cavity  hand  molds.  Since  a  finite  time  is  required  to  inject 
the  material  and  fill  the  cavities,  cycle  times  are  somewhat  dependent  upon  equip¬ 
ment  and  mold  design. 

Post  cure  of  around  150°C  for  l6  to  24  hours  is  recommended  for  parts  molded 
in  liquid  epoxies,  to  assure  attainment  of  desired  end  properties. 

Clean  up  of  the  feed  mechanism  and  tubing  may  be  accomplished  by  flushing 
with  solvents  such  as  MEK  or  toluene. 

Price  of  liquid  epoxies  suitable  for  pressure  molding  should  not  vary  greatly 
from  the  epoxy  molding  powders  in  use  today.  Depending  upon  the  desired  end 
properties,  different  raw  materials  must  be  used  and  will  determine  price.  How¬ 
ever,  the  very  important  overall  economies,  i.e.,  total  cost  of  one  system  versus 
another,  have  not  been  determined. 

In  summary,  liquid  epoxy  resin  molding  can  be  made  to  work  for  the  encapsula¬ 
tion  of  electrical  and  electronic  devices.  There  is  nothing  surprisingly  new 
about  the  materials  and  their  cured  properties,  although  certain  handling  charac¬ 
teristics  have  been  modified  to  permit  their  use  in  more  automated  production 
equipment.  Liquid  epoxy  resin  molding  will  find  a  place  among  transfer  molding 
and  casting  and  potting  techniques  as  a  tool  to  be  considered  in  solving  encapsula¬ 
tion  production  problems. 
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TABLE  I 


TYPICAL  PROPERTIES  OF  CURED  LIQUID  EPOXY  SYSTEMS 

ELECTRICAL  (@  IkHZ  where  applicable  and  73°F ) 

Dielectric  Constant  3*5  to  5«0 

Dissipation  Factor  OoOl  to  1,001 

Dielectric  Strength  500  volts/mil 

Volume  Resistivity  5  x  10^5  ohm-cm 

Surface  Resistivity  5  x  10^^  ohm 

PHYSICAL  (after  appropriate  post  cure) 

Tensile  Strength  8,000  to  12,000  psi 

Compressive  Strength  25*000  to  30,000  psi 

Coefficient  of  Thermal  Ex-  , 

pansion  30  x  10”  in/in/  C 

(30-90OC) 

Heat  Deflection  Temp.  up  to  175°C 

Thermal  Conductivity  10  to  13  x  10"^ 

cal/sec/cm^/oc/cm 

Linear  Molded  Shrinkage  0,5  to  1,0^ 

Operating  Class  (IEEE)  up  to  H 
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TABLE  II 

May  Require  Some  Compromise  in  These  Properties 

Optimizing  This  Property  (NE  -  No  Noticeable  Effect) 
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Viscosity  (NE)  Lower  Thermal  Conductivity  Voids  Due  to  Turbulence 


lUMDER  PRE«=,SURe.) 

FIGURE  1  Liquid  resin  molding  equipment  with  stor¬ 
age  reservoir  for  pre-mixed  resin  system 


FIGURE  2  Same  equipment  with  metering,  mixing, dis¬ 
pensing  unit  in  place  of  storage  reservoir 


FIGURE  3  Small  transfer  press  equipped  with  liquid 
resin  Injection  system  to  inject  on  parting 
line  of  hand  mold. 


FIGURE  4  Mylar  capacitors  encapsulated  in  epoxy  by 
liquid  resin  molding.  Note  modification  to 
transfer  mold  runner  to  extend  to  edge  of 
mold  for  parting  line  injection. 


VAPORIZATION  OF  ORGANIC  PUSTICIZERS* 
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ABSTRACT 

^The  kinetics  of  the  molecular  vaporization  process  of  21  plasticizers  were 
investigated  in  detail.  %  both  isothermal  and  nonisotherraal  kinetic  methods, it 
was  evident  that  11  were  quite  pure  single  compounds  while  10  were  clearly  mix¬ 
tures  of  compounds.  For  the  single  component  species  iJkternal  energies  for  vapor¬ 
ization  and  rates  of  volatilization  are  listed.  "  The  internal  energies  of  vaporiza¬ 
tion  are  about  one-half  or  less  of  values  one  can  estimate  from  the  additive  factor 
method  of  Small.^Thus,  solubility  parameters  based  on  our  experimental  values  are 
low  by  about  JO  per  cent.  From  this  and  previous  work  on  n  linear  alkanes,  it  is 
concluded  that  in  the  molecular  vaporization  process,  the  large  organic  molecules 
studied  evaporate  approximately  as  spheres  and  hence  low  values  for  the  energy  of 
vaporization  are  obtained.  Consequently,  the  difference  between  our  experimental 
energy  and  that  estimated  from  solubility  parameters  is  the  energy  for  extending 
the  molecule  in  a  vacuum  environment. 


INTRODUCTION 

Recent  developments  in  therraogravimetric  theory!  and  the  availability  of  in¬ 
strumentation  suggested  that  the  study  of  the  kinetics  of  the  molecular  vaporiza¬ 
tion  process  for  many  relatively  large  organic  compounds  could  be  rapidly  explored. 
Our  interest  grew  out  of  our  investigations  of  polymer  decomposition. 2, 3  In  order 
d.©  theoretically  interpret  the  experimental  measurements  of  the  thermal  volatiliza¬ 
tion  (decomposition)  of  polymers,  it  is  essential  to  have  knowledge  of  the  critical 
size  for  vaporization,  i.e.,  the  molecular  weight  at  which  a  given  polymeric 
structure  must  decompose  in  order  to  evaporate.  Vaporization  energetics  are  also 
related  theoretically  to  solubility,  structural  and  cohesive  energy  density 
phenomena.^  Preliminary  to  this  work  an  extensive  study3  was  made  of  the  vaporiza¬ 
tion  of  four  linear  alkanes,  C19,  C24»  C36  and  C94. 


♦Based  on  research  supported  by  the  Advanced  Research  Project  Agency, 
Washington,  D.C,  203OI 
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EXPERIMENTAL 


A  themograviraetric  instrument  capable  of  determining  rates  of  volatilization 
or  evaporation  under  both  isothermal  and  nonisothermal  conditions  was  used.  The 
apparatus  consists  of  an  electrobalance  capable  of  accurately  measuring  weight  with 
a  precision  of  a  tenth  of  a  milligram  with  1-20  rag  samples  (our  standard  sample 
weight  was  10  mg),  an  electronic  recorder  and  a  pyrometric  controller  cam  driven  for 
nonisothermal  experiments  or  a  stepless  controller  capable  of  maintaining  a  constant 
temperature  up  to  600°C  with  an  accuracy  of  +0.5°Co  The  sample  and  weighing  mechan¬ 
ism  was  in  a  vacuum  system  which  was  pumped  on  by  a  high-capacity  oil  diffusion 
pump  and  mechanical  fore  pump.  The  pressure  was  monitored  with  a  Pirani  gauge. 
During  the  runs  the  pressure  rarely  exceeded  10  microns.  The  critical  component  in 
the  apparatus  is  a  cylindrical  furnace  eight  inches  by  two  inches  inside  the  vacuum 
system.  The  sample,  10  mg,  is  suspended  in  the  center  of  the  furnace  in  a  cylin¬ 
drical  region  one  inch  by  one  inch  diameter  where  the  temperature  has  been  mapped 
and  found  to  be  constant  within  l^Co  A  monitoring  thermocouple  is  also  positioned 
in  this  region.  For  every  plasticizer  listed  in  Tables  I  and  II  a  nonisothermal 
run  was  carried  out.  This  data  is  presented  in  Figure  1.  Then  for  each  substance 
a  series  of  isothermal  rates  were  determined  at  various  temperatures  chosen  on  the 
basis  of  the  nonisothermal  data,  see  Figure  1. 

The  dimensions  of  the  vessel  in  which  the  sample  is  suspended  and  sample  size 
will  cause  some  variation  in  the  observed  rate  of  volatilization.  A  simple 
molecular  vaporization  process  from  a  constant  surface  area  should  have  a  "zero” 
order  weight  loss,l  i.e.,  ^  equals  a  constant,  which  we  found  when  a  pure  compound 
was  measured.  Our  maximum  variation  in  rate  was  a  factor  of  two  with  a  twenty¬ 
fold  variation  in  sample  size,  or  two-fold  variation  in  the  height  of  vessel  or  the 
cross-sectional  area  of  the  vessel.  Simple  molecular  vaporization  of  pure  com¬ 
pounds  gave  in  our  experience  very  good  horizontal  isothermal  ^  versus  C,  where  C 
is  the  fraction  of  the  initial  sample  weight  volatilized,  Our'^  experimental  rates 
were  of  the  order  of  10“2  min“l  in  all  the  figures  shown.  Since  the  sample  size 
was  constant  at  10  mg  and  the  vessel  diameter  four  mraj,  the  rates  were  of  the  order 
of  1„3  X  10”5  g  cm-2  sec"!. 


RESULTS 

In  Figure  1  we  present  the  fraction  of  the  various  plasticizers  volatilized 
as  the  temperature  is  increased  at  the  rate  of  1.5°C/min.  Comparison  of  the  re¬ 
sults  suggests  that  the  plasticizers  listed  in  Table  I  and  designated  by  capital 
letters  are  showing  "zero"  order  weight  loss  kinetics  and  hence  are  essentially 
single  or  pure  compounds.  Notice  that  the  curves  for  these  compounds  are  as  a 
class  more  vertical  and  very  similar  to  each  other.  On  the  other  hand,  compounds 
listed  in  Table  II  and  designated  by  lower  case  letters  are  spread  over  a  larger 
temperature  range.  These  are  evidently  mixtures  of  oligomers  as  one  expects 
from  the  nature  of  their  manufacture. 

All  the  lower  case  designated  plasticizers,  Table  II  gave  isothermal  rates 
of  vaporization  results  similar  to  the  one  shown  in  Figure  2.  The  downward  curv¬ 
ing  lines  depict  the  rate  behavior  at  the  three  temperatures  287,  297  and  303°C, 
These  curves  were  graphically  obtained  from  the  chart  recording  the  weight  of 
sample  as  a  function  of  time.  There  is  no  simple  way  to  determine  a  single  activa¬ 
tion  energy  for  such  a  composite  process  using  the  Arrhenius  method,  since  we  know 
that  both  order  and  activation  energy  are  varying  with  conversion.  However,  a  pro¬ 
cedural  method  is  available  from  thermogravimetry  theory.  For  nonisothermal  runs 
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such  as  are  shown  in  Figure  1,  it  follows  s,l  provided  the  conversion  and  tempera¬ 
ture  are  independent  variables,  that 

log  F(C)  =  log  M  -  2,315  -  0,457  _ 

R  RTnon 

where  F(C)  is  the  integrated  function  of  conversiono  For  isothermal  runs 

log  F(C)  =  log  A  +  log  t  -  f  o"DTr — 

<c.j)  ttJ-iso 

where  t  =  time  and  Tiso  Is  a  constant.  Thus,  at  the  same  conversion  on  both  the 
isothermal  and  nonisothermal  weight  loss  curves,  we  can  equate  the  two  expressions 
to  obtain 


(log  t)iso  =  b  -  0,457  |(i) 

i''  non 

where  b  is  a  constant.  At  iso  conversional  points  we  can  then  plot  log  time 
of  the  isothermal  run  versus  (i)  of  the  nonisothermal  run  and  obtain  a  straight 
line  relation,  and  an  activation  energy. 

The  more  nearly  the  data  yields  a  straight  line  the  more  closely  a  single 
activation  energy  describes  the  process. 

In  this  manner  an  apparent  activation  energy  was  obtained  for  all  the  sub¬ 
stances  listed  in  Table  II, 

In  Figures  39  4  and  5  we  show  vaporization  rate  data  for  several  plasticizers 
of  increasing  molecular  weight  and  hence  increasing  activation  energies.  All 
three  of  these  show  isothermal  rate  versus  conversion  plots  with  horizontal  sec¬ 
tions. 


Such  "zero”  order  weight  loss  indicates  that  a  quite  pure  single  component 
material  is  vaporizing  and  the  rate  values  of  the  horizontal  sections  are  plotted 
according  to  the  Arrhenius  method.  In  each  figure  the  data  are  also  plotted  ac¬ 
cording  to  the  technique  described  above.  It  is  seen  that  very  good  agreement  is 
obtained. 

In  Tables  I  and  II  we  have  tabulated  all  the  data  obtained  on  the  "pure" 
and 'Impure"  plasticizers,  respectively. 

Column  one  lists  the  letter  symbol  for  the  particular  substance?  colume  two, 
its  name?  column  three;  its  empirical  formula;  column  four,  its  sp,  gr,,  at  the 
temperature  listed  in  colume  5»  and  column  six,  their  molecular  weights.  The 
other  columns  of  data  will  be  subsequently  discussed  more  thoroughly  below. 


DISCUSSION 


Following  kinetic  theory  we  assume  that  the  rate  of  molecular  vaporization 
in  moles  per  sec  at  temperature,  T,  is  given  by 


dn  _  ^  Pv  ^ 

dt  ■  (1) 
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where  ,  the  accommodation  coefficient  is  assumed  to  be  one,  A  the  area,  M  the 
molecular  weight;  R  the  gas  constant,  pv  the  equilibrium  vapor  pressure.  Since 
Pv  is  the  equilibrium  constant  for  the  liquid-vapor  process  under  study,  we  may 
write 


1.01x10°  <2  A 
172 


e(2^MRT)^ 


ASv/R  -AEv/RT 


The  experimental  activation  energy  determined  in  the  usual  fashion  is  then 
nearly  identical  with  the  internal  energy  change,  AEy,  of  the  vaporization  pro¬ 
cess,  From  the  above  equation  it  is  seen  that  the  Arrhenius  slope  relates  to  AEy 
by 

AE, 

dl/t  ”  2  ■  R  (3) 

For  a  vaporization  process  it  follows  that 

R  d  In  ^  nm 

Ap  _  _ /.X 

AEy  +  2  (4) 

In  Tables  I  and  II  we  list  values  of  AEy  obtained  by  adding  RT/2  to  the  usual  Ar¬ 
rhenius  activation  energy. 

Addition  of  another  RT  quantity  gives  the  value  for  the  enthalpy, A Hy,  since 

Rd  In  ^ 

^^v  -  dl/T  2  (5) 

These  thermodynamic  quantities  are  subject  to  some  change  with  temperature.  How¬ 
ever,  since  specific  heat  data  for  these  plasticizers  are  not  available,  they 
were  not  corrected  to  a  standard  temperature.  Thus,  in  Table  I  we  list  in  column 
seven  the  AEy  values  obtained  at  the  temperature  listed  in  column  eight.  In  Table 
II  we  list  such  results  under  the  heading  "AEv'%  the  apparent  internal  energy, 
since  the  materials  studied  were  mixtures. 

The  internal  energy  for  vaporization,  at  least  for  small  molecules  is  related 
to  the  solubility  parameter,  A,  by 

E  1/2 

where  V  is  the  molar  volume.  The  ratio  of AEy/V  is  termed  the  cohesive  energy 
density.  From  the  above  relation  it  is  of  interest  to  estimate  solubility 
parameters  using  our  experimental  energies  of  vaporization  and  compare  them  with 
solubility  parameters  calculated  by  the  method  of  Small, ^  This  method  assumes 
additivity  of  the  quantities  (AEyV)^/^  and  devises  a  table  of  additive  factors,  F, 
for  various  organic  groupings  such  that  ^ 

5f  =  (AEyV)^'^  and  ^ 


We  used  these  factors  and  relations  to  calculate  AEy  for  comparison  with  our 
experimental  quantities.  In  Table  I  we  list  these  quantities  in  column  nine. 
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Comparison  of  these  estimates  with  our  measurements  shows  the  former  to  be  greater 
by  about  a  factor  of  two  or  raoreo  It  is  our  conclusion  that  large  flexible  mole¬ 
cules  vaporize  in  a  highly  compact  coiled  form  and  probably  remain  in  a  nearly 
spherical  condition  in  the  vapor  phaseo  Consequently,  for  such  molecules  the 
solubility  parameter,  S,  is  not  given  by  the  square  root  of  the  ratio  AEy/Vo  The 
difference  between  the  experimental  and  calculated  energies  shown  in  Table  I  is 
then  evidently  the  energy  for  extending  the  molecules  in  the  medium  of  a  vacuum. 

In  the  last  column  of  Table  I  we  list  the  rate  in  g  cm"2  sec"^  at  the  temperature 
shown  in  column  eight.  Thus  one  can  estimate  from  the  listed  data  the  rate  of 
vaporization  at  other  temperatures  in  polymer  mixtures  if  one  assumes  Raoult's 
law. 
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VAPORIZATION  ENERGIES  KCAL/MOLE  OF  "PURE"  ORGANIC  PLASTICIZERS 


APPARENT  VAPORIZATION  ENERGIES  FOR  MULTICOMPONENT  ORGANIC  PLASTICIZERS 


FIGURE  1  Thermogravimetry  of  organic  plasticizers.  Fraction  volatil¬ 
ized  as  a  function  of  temperature  15°  C/m  in,  see  Table  I 
and  1 1  for  the  names  of  the  compounds. 


T"'  X  10^ 


C 


FIGURE  2  Vaporization  of  polyethylene  glycol  plasticizer.  Sample  size 

rIP 

10  mg,  curve  lines  rate^^vs.  fraction  vaporized  C.  Straight 

lines  plots  of  log  t  (isothermal)  vs.  1/T  (nonisothermal) 
used  to  determine  activation  energy. 


FIGURE  3  Vaporization  of  didecylphthalate  (MW  446). 

Sample  size  10  mg.  Curves  with  horizontal  sec- 
dC 

tion,  rate,  vs.  fraction  converted,  C.  Other 

lines  activation  energy  determination,  upper 
three  lines  log  t  (isothermal)  vs  1/T  (noniso- 

nr* 

thermal),  lowest  line  Arrhenius  plot  log  vs. 
1/T. 


FIGURE  4  Vaporization  of  ditridecylphthalate  (MW  538). 

Sample  size  10  mg.  Curves  with  horizontal  sec- 
dC 

tion,  rate,  — ,  vs  fraction  converted,  C.  Other 

lines  activation  energy  determination,  upper 
two  lines  log  t  (isothermal)  vs.  1/T  (nonisother- 

dC 

mal),  lowest  line  Arrhenius  plot,  log  vs  1/T. 

dt 


FIGURE  5  Vaporization  of  glyceryltriacetoxystearate  (MW 
1066).  Sample  size  10  mg.  Horizontal  lines,  rate, 
dC 

— ,  vs  fraction  converted,  C.  Other  lines  activation 
dt 

energy  determination,  upper  three  lines  log  t  (iso¬ 
thermal)  vs.  1/T  (nonisothermal),  lowest  line 
dC 

Arrhenius  plot  log  ™  vs  q/T. 
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The  key  element  in  an  integrated  circuit  is  the  die  on  which  the  metallization 
patterns  have  been  placed  constituting  the  electrical  circuit.  The  second  element 
is  the  interconnection  between  the  external  leads  and  the  internal  bonding  pad  loca¬ 
tions.  For  final  assembly,  a  package  to  contain  the  die  and  to  provide  external 
leads  for  connection  to  the  printed  circuit  board,  is  the  conventional  approach. 

Advancements  in  the  use  of  "plastics'*  has  made  the  use  of  a  glass/metal  pack- 
age  or  a  ceramic  package  unnecessary  in  certain  applications.  With  a  major  cost 
reduction  between  the  use  of  conventional  integrated  circuit  packages  and  plastics 
encapsulation  of  a  "die  frame"  providing  an  integral  assembly,  the  advantages  of  a 
plastics  encapsulated  integrated  circuit  assembly  is  well  worthy  of  consideration 
in  selected  applications. 

For  commercial  usage  where  a  ready  maintainability  or  end  item  low  cost  is 
paramount,  plastics  encapsulated  integrated  circuits  have  been  successfully  used  by 
the  millions.  For  military  usage  where  severe  environmental  exposure  or  no  system 
maintainability  is  possible,  industry  is  still  questioning  the  reliability  of 
plastics  encapsulated  circuits. 

The  positive  aspect  of  a  plastics  package  are;  accurate  molded  dimensions  for 
automation  of  assembly,  rugged  construction  for  stock  handling,  and  a  relatively 
shock-proof  assembly  since  all  parts  such  as  die,  bond  wires  and  intemal/external 
leads  are  "locked  in  place". 

The  major  area  of  concern  is  the  ability  of  plastics  encapsulated  packaged 
circuits  to  stand  up  to  environments  in  which  changing  temperatures  under  the  pres¬ 
ence  of  moisture  are  encountered.  These  environments  are  readily  encountered  in 
military  applications  and  in  space  applications. 

Because  of  the  large  reduction  in  package  costs  and  the  adaptability  that 
molded  plastics  packages  offer  for  mass  production,  the  search  for  techniques  for 
both  manufacturing  and  testing  to  assure  military  level  plastics  packages  is  being 
aggressively  pursued. 

Testing  activities  for  proofing  of  plastics  encapsulated  integrated  circuits 
is  being  carried  on  by  all  major  integrated  circuit  suppliers.  Rome  Air  Development 
Center  is  conducting  a  major  program  in  the  testing  of  plastics  encapsulated  in¬ 
tegrated  circuits.  Suggested  tests  in  a  proposed  voluntary  test  program  developed 
by  RADC  is  shown  in  Figure  1. 
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At  the  Westinghouse  plant  in  Elkridge,  Maryland,  the  focus  has  been  toward  pro¬ 
viding  a  seal  around  the  die  and  then  encapsulating  this  "Hermetic”  chip  in  the 
plastics  outercoating o  This  process  is  known  as  GOLDILOX,  Three  areas  are  treated 
by  an  engineering  approach  to  remove  the  cause  of  potential  failures; 

lo  Protection  of  the  interconnection  patterns  by  a  "glass  overcoat". 

2.  Protection  of  bond  junctions  by  a  unimetal  construction,  viz,  gold/gold, 
or  aluminum/aluminum, 

3.  Protection  of  metallization  process  by  a  passivation  process  utilizing 
silicon  nitride.  Figure  2  shows  the  GOLDILOX  construction.  Tests  for 
GOLDILOX  are  conducted  under  four  major  areas  of  stress; 

a.  Boiling  water  immersion  -  72  hrs, 

b.  Pressure  cooker  -  48  hrs. 

c.  85°  temperature/  85^  RH/  8  volts  reverse  bias  -  1000  hrs. 

do  Power  bum  in  125°C  at  10  volts  reverse  bias  -  2000  hrs. 


SUMMARY 

<;;lThe  merits  of  a  low-cost  plastics  encapsulated  integrated  circuit  that  can 
meet  both  commercial  and  military  applications  provides  a  stimulus  and  a  challenge 
that  is  rapidly  being  met  by  the  integrated  circuit  industry.  Constant  engineering 
improvements  coupled  with  selective  stress  testing  to  prove  the  reliability  of 
plastics  encapsulated  integrated  circuits  is  providing  a  product  that  is  available 
in  limited  quantities .V As  the  advancement  of  technology  to  control  the  variables  of 
the  manufacturing  procfess  occurs,  mass  production  availability  of  reliable  plastics 
encapsulated  integrated  circuits  will  be  a  fact,  not  just  fancy. 


PROPOSED  TEST  FROaRAM 


FIGURE  1 
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The  copper  conductor  lines  shovm  in  Figure  1  on  the  dielectric  substrate  were 
written  by  an  argon  laser.  The  blue  material  between  the  lines  is  a  polymeric  cop¬ 
per  chelate  that  was  decomposed  by  the  laser  to  form  the  copper  lines.  The  dielec¬ 
tric  substrate  is  Noraex,!  a  fully  aromatic  polyamide. 

The  argon  laser  beam  that  wrote  these  lines  is  five  mil  in  diameter  and  power 
levels  comprising  a  few  to  several  hundred  milliwatts  were  used, 

<^This '=pr'e5ieBtat4efi  is  a  report  of  a  study  performed  at  the  Manufacturing  Re¬ 
search  Laboratory  in  the  IBM  Corporation, . EndicQttn,-4}-ew-¥©rk',  to  develop  an  additive 

process  for  printed  circuit  technology.  Electron  and  laser  beams  were  used  in  this 
study,  b> 

Figure  2  is  a  schematic  copper  formate-polyethyleneimine  and  is  representative 
of  the  metal  chelate  polymers  that  were  decomposed  by  irradiation  with  either  elec¬ 
tron  or  laser  beams.  These  polymeric  chelates  are  water-soluble  containing  in  ex¬ 
cess  of  20  per  cent  solids  as  copper.  To  make  conductor  lines,  these  moderately 
viscous  aqueous  solutions  were  applied  to  the  substrates  by  dipping  and  then  air 
drying.  After  irradiation,  the  undecomposed  chelate,  between  the  lines,  was  re¬ 
moved  by  washing  with  water  for  reuse, 

'<The  application  of  energetic  beams  to  decompose  an  organic  material  is  not  new. 
However,  the  use  of  a  low-cost,  water-soluble  chelate  with  a  high  concentration  of 
metal,  that  is  nonvolatile  and  easily  applied  in  any  thickness  through  spraying  or  ^ 
dipping,  represents  a  new  process  for  the  manufacture  of  printed  conductor  lines. 


Figure  3  illustrates  a  palladium  spiral  conductor  produced  by  irradiating  a 
palladium  poly e thy leneimine  chelate  with  the  electron  beam.  Figure  4  shows  why 
spiral  patterns  are  useful.  The  energy  input  varies  with  exposure  velocity; 
therefore,  from  the  center  of  one  spiral  to  the  edge,  the  exposure  can  vaiy  approxi¬ 
mately  300  per  cent.  An  optical  and  electrical  inspection  of  the  entire  spiral 
permits  selection  of  the  best  section  of  the  spiral.  The  energy  density  of  the 

^Registered  trademark  of  the  E,I.  duPont  Co,, 

Wilmington,  Del, 


section  is  then  calculatedo  Confirmation  of  the  energy  density  given  by  these  cal¬ 
culations  is  accomplished  by  a  linear  traversing  mechanism  that  makes  straight  lines 
three  inches  long  as  seen  in  Figure  !»  These  are  convenient  to  measure « 

The  range  of  electron  beam  energy  densities  that  were  used  in  this  study  ex¬ 
tended  from  two  to  approximately  100  joules/cm^o  By  varying  the  accelerating  volt¬ 
age,  electron  beam  current,  and  revolutions  per  minute  of  the  sample,  any  density 
range  required  could  be  obtained o  From  the  results  of  this  wide  variation  in  power 
input,  the  following  generalizations  could  be  made  pertaining  to  the  influence  of 
electron-gun  parameters  on  the  conductivity  of  the  printed  conductor  formed  in  the 
exposed  chelatso  These  generalizations  are  in  diagram  form  in  Figure  5o 

The  resistance  of  a  printed  conductor  line  formed  on  irradiation  of  a  polymeric 
chelate  with  an  electron  beam  is  plotted  against  energy  density.  The  idealized  re¬ 
sult  would  be  "U"  shaped  as  illustrated  in  the  slide.  This  shape  means  that  conver¬ 
sion  from  high-resistance  chelate  to  low-resistance  conductors  occurs  only  after  a 
critical  energy  density  is  applied  to  the  chelate.  The.  curve  further  shows  that  low 
resistance  conductors  can  be  obtained  through  a  wide  range  of  energy  densities  and 
that  after  an  excessive  energy  density  has  been  exceeded,  all  the  copper  is  evapor¬ 
ated  and  a  high-resistance  residue  remains. 

However,  the  experimental  data  forms  a  parabolic  curve  and  shows  that  the  con¬ 
ductor  becomes  increasingly  resistive  and  critical  (a  narrower  range  of  energy 
density  for  approximately  the  same  resistance)  with  the  accelerating  potential 
(Egg),  Increased  accelerating  voltage  leads  to  deeper  penetration  or  more  material 
to  convert  per  unit  charge.  At  increased  energy  densities  and  decreased  voltages, 
the  beam  penetrates  the  coating  by  stages  performing  greater  conversion^  this  is 
manifest  by  decreased  resistance. 

Similarly,  an  increase  in  the  ,time  that  a  beam  dwells  at  a  given  location 
causes  an  increase  in  the  conversion  to  copper  and  a  decrease  of  the  resistance.  This 
explains  the  effect  of  residence  time  (Tg)  on  the  resistance.  Finally,  with  an  in¬ 
creased  current,  the  increased  flux  of  electrons  blunts  the  parabola  because  the  i2r 
effect  increases  the  conversion  to  copper  and  thereby  lowers  the  resistance. 

The  choice  of  inorganic  salt  to  formulate  the  polymeric  chelate  is  based  on  the 
desired  metal  conductor  and  the  vigor  of  the  decomposition  reaction  when  irradiated. 
Some  systems  such  as  copper  nitrate-polyethyleneimine  produced  poor  printed  conductor 
lines  at  all  tested  energy  densities;  however,  other  systems  produced  consistently 
fair-to-good  lines.  The  exothermic  character  of  the  nitrate  system  led  to  ejection 
of  copper  metal  from  the  line  during  the  decomposition,  A  Thermal  Gravimetric 
Analysis  (TGA)  survey  was  made  of  many  possible  systems  as  an  aid  in  selection  of  the 
chelate  that  would  produce  better  conductors. 

Figure  6  shows  the  TGA  traces  of  copper  nitrate  and  copper  formate  polyethylene- 
imine  chelates  as  well  as  polyethyleneimine  itself.  The  TGA  is  a  plot  of  weight  of 
remaining  sample  against  temperature  as  the  sample  is  heated.  These  TGAs  were  ac¬ 
complished  in  vacuum  with  a  heating  rate  of  25°C  per  minute.  The  slope  of  the 
weight-loss  curve  indicates  the  vigor  of  the  decomposition.  These  curves  show  that 
the  poor  printed  conductors  that  resulted  with  the  nitrate  are  due  to  the  explosive 
nature  of  the  decomposition.  The  formate  trace  is  typical  of  a  very  mild  evolution 
of  gaseous  products  and  almost  parallels  the  endothermic  decomposition  of  the  poly¬ 
ethyleneimine. 

The  residue  after  TGA  decomposition  of  the  formate  chelate  agrees  with  the 
theoretical  amount  of  copper  plus  a  small  quantity  of  char  resulting  from  the  organic 
portion  of  the  chelate.  The  small  residue  in  the  nitrate  chelate  supports  the 
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conclusion  that  the  copper  was  ejected  from  the  substrate <>  The  TGA  survey  permitted 
an  evaluation  of  the  degree  of  dependency  of  the  decomposition  rate  with  power  input. 
The  copper  formate  polyethyleneimine  chelate  was  the  most  controllable  system 
evaluated. 

After  considerable  electron  beam  work  was  done 9  an  argon  laser  was  made  avail- 
able  and  used  because  of  its  convenience  and  because  it  represented  only  thermal 
energy.  Working  in  vacuum  systems  requires  pumpdown  time  and  the  installation  of 
machinery  and  apparatus  in  constrained  volumes.  The  use  of  a  laser  eliminated  the 
rapid  expansion  of  the  hot  gaseous  decomposition  products  with  vacuum  that  can  be 
destructive  to  the  conductor.  Further,  the  laser  is  electrically  neutral.  So,  an 
electrical  charge  is  not  accumulated  on  the  dielectric  substrate  to  cause  unknown 
side  effects.  Lastly,  in  working  with  the  electron  beam,  the  electrons  are  easily 
stopped,  so  the  coating  thickness  is  more  critical  for  electron  reduction. 

Calculations  based  upon  exposure  velocity  spirals  made  in  copper  formate- 
polyethyleneimine  with  an  argon  laser  beam,  five  mil  'in  diameter,  indicated  good 
printed  conductor  lines  at  energy  densities  of  approximately  100  joules/cm^;  so 
straight  printed  conductor  lines  were  produced  at  various  energy  densities  as  in¬ 
dicated  in  Figure  1,  Figure  7  illustrates  a  photomicrograph  of  one  line.  The  dark 
streak  on  the  top  of  the  line  is  a  condensed  reaction  product  that  washed  away  in 
water  during  the  development  process. 

The  grainy  texture  of  the  line  is  readily  apparent  in  Figure  7;  the  resistance 
values  of  the  best  lines  obtained  prior  to  development  ranged  from  20  to  30  ohms/in. 
The  data  indicated  that  approximately  100  joules/cm2  produced  printed  conductor 
lines  of  highest  conductivity  and  that  the  conductivity  was  dependent  upon  the 
energy  input.  The  lines  were  approximately  15  mils  wide  and  both  the  width  and 
depth  of  conversion  were  reduced  with  reduced  energy  input, 

Metalographic  cross-sections  were  made  of  some  printed  conductors  and  the  re¬ 
sistivity  of  the  conductor  was  calculated  to  be  approximately  6OO  times  greater 
than  bulk  copper.  This  is  indicative  of  the  open  g rainy-structure  in  the  metal. 

During  the  development  in  water,  normally  used  to  remove  the  unaffected  chelate 
located  between  the  printed  conductor  lines,  the  major  portion  of  the  copper  was 
also  removed  because  of  poor  adhesion  to  the  substrate. 

This  poor  adhesion  of  the  decomposed  copper  to  the  substrate  had  been  predicted. 
Two  methods  were  tested  in  an  effort  to  improve  the  adhesion.  One  method  required 
incorporating  a  material  in  the  substrate  surface  that  reacted  with  the  decomposed 
copper  as  illustrated  in  Figure  8,  In  this  instance,  a  slurry  of  copper  oxide 
powder  and  epoxy  resin  was  coated  on  the  substrate.  The  blue-colored-chelate  was 
coated  over  this  undercoating  with  the  intention  that  the  hot  metal  would  form  a 
bond  with  the  imbedded  oxide.  Unfortunately,  the  resulting  oxide-epoxy  surface  was 
rough,  and  the  heat  loosened  the  oxide  particles.  This  caused  open  gaps  in  the 
copper  printed  conductor.  The  second  method  illustrated  in  Figure  9»  was  a  pre¬ 
coating  of  the  plastics  substrate  with  a  Neoprene  or  polysulfone  that  would  lock 
copper  to  the  substrate  by  adhesion. 

Both  of  these  methods  were  successful. 

The  lines  that  had  greatest  survival  in  the  development  process  were  those 
formed  in  the  100  joule/cm2  range.  Thus,  a  feasible  method  of  promoting  copper-line 
adhesion  to  the  substrate  was  now  at  hand. 

The  high  resistance  of  the  printed  conductors  that  sumrived  development  was  the 
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next  consideration 


Tests  indicated  that  the  printed  conductor  lines  were  brittle  and  it  was  dif= 
ficult  to  make  connections  to  them  by  soldering.  These  characteristics  suggested 
impure  copper  or  imperfect  sintering.  Printed  conductor  lines  were  examined  with 
a  Scanning  Electron  Microscope.  This  instrument  with  its  large  depth  of  field  is 
able  to  show  the  character  of  the  copper  in  the  printed  conductor  that  was  produced 
by  laser  irradiation  of  the  chelate. 

Figures  10  through  12,  inclusive,  produced  by  a  Scanning  Electron  Microscope, 
illustrate  a  copper  conductor  produced  after  an  argon  laser  beam  exposed  copper 
formate  polyethyleneimine.  The  magnifications  are  200,  500  and  lOOOX.  The  blue 
chelate  between  the  lines  has  been  removed  during  the  development  process  and  the 
open  porous  structure  of  the  metal  is  shown. 

This  type  of  structure  can  result  from  the  evolution  of  the  gaseous  reaction 
products  and  the  rapid  solidification  of  the  copper  that  occurs  after  the  laser 
passes.  These  factors  and  the  dissolved  gases  could  produce  a  brittle,  high-re¬ 
sistance  conductor. 

The  printed  conductor  lines  were  electroplated  to  fill  the  voids  and  gaps  and 
reduce  the  resistance.  The  resulting  printed  conductor  lines  were  of  good  quality, 
but  economically  unsound.  Electroless  plating  of  printed  lines  made  of  palladium 
by  the  electron  beam  was  successful  too,  but  the  cost  of  the  palladium  chelate 
limits  its  application.  Finally,  multiple  sweeps  of  a  laser  beam  on  a  copper  con¬ 
ductor  line  were  tested  at  various  energy  densities  to  obtain  additional  sintering 
and  purification.  The  results  of  this  can  be  summarized  by  stating  that  if  the 
energy  input  is  sufficient  to  remelt  or  resinter  the  metal,  the  substrate  was  burned 
and  adhesion  of  the  copper  was  lost.  Also,  the  surface  tension  of  the  liquid  metal 
caused  it  to  form  into  a  ball  ahead  of  the  beam  and  spill  over  the  edges  of  the  solt; 
if  melting  did  not  occur  on  the  subsequent  sweeps  of  the  beam,  the  resistance  and 
brittleness  would  be  unchanged. 

Finally,  an  economic  analysis  indicates  that  if  greater  energy  densities  were 
available  with  more  powerful  lasers  than  those  in  existence  at  this  time,  and  the 
probable  speed  of  printed  conductor  line  writing  were  significantly  increased,  then 
reasonable  conductors  could  be  formed  in  copper  polyethyleneimine  chelates.  How¬ 
ever,  the  process  would  be  more  costly  than  the  current  subtractive  process  as  used 
in  the  industry. 
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There  is  a  multiplicity  of  tests  which  have  been  developed  and  modified  for 
rating  the  flammability  of  plastics.  In  most  of  these  cases,  a  definite  sample 
geometry  is  used.  The  sample  is  ignited  in  a  very  specific  and  arbitrary  way. 

The  description  of  the  "end  point"  varies  from  test  to  test.  To  compound  the  dif¬ 
ficulty  of  interpretation  of  the  results,  such  terms  as  "non-burning",  "self¬ 
extinguishing",  "slow  burning",  "burning  rate",  have  been  used.  A  study  of  many 
of  these  methods  recently  completed,  led  to  the  conclusion  that  all  flame  tests 
were  necessarily  arbitrary  from  the  points  of  view  of  (1)  the  manner  in  which  the 
sample  is  ignited  and  (2)  the  definition  of  the  end  point. 

A  further  drawback  of  a  number  of  the  flammability  tests  is  that  they  are  run 
under  non-equilibrium  conditions,  that  is,  the  end  point  of  the  test  in  time, 
which  has  been  arbitrarily  set  as  satisfactory,  is  far  too  short  for  the  equilib¬ 
rium  to  be  achieved  between  the  heat  lost  to  the  environment  and  the  heat  generated 
by  the  combustion  of  the  material.  Under  such  conditions,  it  is  no  wonder  that  the 
present  flammability  methods  have  been  the  despair  of  people  seeking  to  develop  and 
rate  flame  retardant  materials  because  of  the  wide  variability  in  the  results. 

Back  several  years  ago,  Drs,  C,  P,  Fenimore  and  F.  J.  Martin  of  the  General 
Electric  Research  and  Development  Center’s  Combustion  Laboratory  came  up  with  a 
new  way  for  evaluating  the  flammability  of  plastics.  Their  search  was  prompted  by 
the  need  for  greater  knowledge  of  the  physics  and  the  chemistry  involved  in  the 
burning  of  plastics. 

^  The  Fenimore-Martin  or  Oxygen  Index  Test,  the  names  by  which  it  has  come  to 
be  known,  has  been  designed  to  overcome,  as  far  as  possible,  the  three  drawbacks  of 
ignition,  end  point,  and  operation  under  non-equilibrium  conditions  as  well  as  the 
arbitrary  nomenclature  used  in  describing  flame  test  results.^  In  this  new  pro¬ 
cedure,  known  mixtures  of  oxygen  and  nitrogen  are  fed  through  a  glass  bead  bed  over 
the  sample  in  the  form  of  a  stick  aboutl/4  in.  wide  by  l/8  in,  thick  by  about  4  in, 
to  6  in.  long.  The  sample  stick  is  held  vertically  at  its  lower  end  in  a  clamp 
in  the  center  of  the  glass  chimney. 

The  sample  is  ignited  at  its  upper  end  with  a  hydrogen  flame.  The  manner  of 
ignition  is  of  great  importance.  Let  us  for  a  moment  consider  the  principal  on 
which  this  test  is  based.  We  are  trying  to  determine  the  limiting  per  cent  of 
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oxygen  in  the  gas  mixture  fed  which  will  just  "sustain  the  candle-like  burning  of  a 
stick  of  polymer",  to  quote  from  Feniraore  and  Martinis  paper  in  Modern  Plastics  for 
November  1966<.  Obviously,  it  is  necessary  to  achieve  equilibrium  between  the  heat 
removed  by  the  gases  flowing  by  the  sample  and  the  heat  generated  by  the  burning  of 
the  sarapleo  To  achieve  this  equilibrium,  it  is  clear  that  the  original  ignition 
must  be  well  done,  that  is,  the  sample  must  be  very  well  ignitedo  Otherwise,  the 
sample  is  not  being  given  a  fair  chance  to  reach  equilibrium  when  the  per  cent  oxygen 
in  the  mixture  is  near  the  limiting,  or  critical  value o  Not  enough  heat  will  be 
coming  from  the  combustion  to  overcome  the  deficit  from  under  ignition.  An  over= 
ignited  sample  needs  only  time,  usually  about  JO  to  60  seconds  after  ignition  is  com¬ 
plete,  to  come  to  equilibrium  with  the  heat  removed  by  the  flow  of  gases  past  the 
sample.  The  thorough  ignition  of  the  sample,  therefore,  cannot  be  overemphasized  if 
consistent  and  reproducible  results  are  to  be  had. 

As  far  as  the  end  point  is  concerned,  the  test  results  are  such  that  the  Oxygen 
Index  values  obtained  by  any  one  of  several  end  points  are  very  close  together,  if 
not  essentially  the  same,  with  only  the  stipulation  that  the  sample  is  well  ignited 
and  has  been  allowed  to  burn  at  heat  equilibrium  for  a  long  enough  time.  Thus,  re¬ 
gardless,  if  the  end  point  is  measured  by  the  sample  burning  steadily  for  three, 
four,  five  or  even  six  minutes,  or  if  a  limit  is  taken,  such  that  the  sample  burns 
three  inches,  the  final  results  are  very  close  to  being  the  same.  But  we  will  ex¬ 
amine  the  reproducibility  of  the  results  in  greater  detail  later. 

In  addition  to  taking  care  of  the  problems  of  ignition,  end  point,  and  operation 
under  equilibrium  conditions,  the  reporting  of  the  data  is  done  in  an  unequivocal 
manner.  The  value  of  the  Oxygen  Index  in  numerical  terms  is  reported  rather  than  ex¬ 
pressing  the  results  in  vague,  qualitative  words,  the  meaning  of  which  even  within 
the  context  of  a  particular  test  method  is  subject  to  debate.  The  Oxygen  Index  value 
is  a  precise,  reproducible  number  which  can  be  used  to  rate  the  flammability  of 
plastics , 

Considering  the  apparatus  itself,  Figure  1  shows  a  precommercial  setup.  The 
oxygen  and  nitrogen  are  fed  through  reducing  valves  to  precision  reducing  valves  by 
means  of  which  the  pressure  can  be  controlled  to  closer  than  0,1  psi.  The  gas  in 
each  case  is  metered  by  means  of  a  calibrated  orifice  and  led  to  the  bottom  of  the 
bed  of  glass  beads.  The  beads  help  to  mix  and  disperse  the  gases  evenly  over  the 
cross-section  of  the  glass  chimney.  The  sample  is  mounted  and  ignited  with  the  hy¬ 
drogen  flame  as  described  above. 

Figure  2  shows  a  close-up  view  of  a  burning  sample.  Generally,  the  procedure 
used  is  to  arbitrarily  select  an  oxygen-nitrogen  mixture  and  ignite  a  sample.  If 
the  sample  burns  for  the  preselected  time  or  length,  the  oxygen  content  of  the  mix¬ 
ture  is  reduced,  first  in  larger  steps  of  about  2  per  cent  oxygen,  until  a  ratio  is 
reached  at  which  the  sample  will  not  burn  for  the  preselected  time  or  length  after 
proper  ignition.  The  oxygen  in  the  mixture  is  then  increased  by  smaller  stages  to 
the  point  where  the  sample  will  just  burn  the  standard  criterion.  This  point  is 
checked  with  three  to  five  samples  to  make  sure  of  its  reproducibility.  The  per¬ 
centage  of  oxygen  in  the  total  gas  mixture  reported  to  the  third  significant  figure 
is  the  Oxygen  Index  for  the  material  under  test. 

Nearly  a  year  ago,  in  ASTM  D20,00,  Section  20,30,03,  on  flammability  directed 
a  Task  Group  to  study  this  new  method.  The  Task  Group  chairman,  J,  L,  Isaacs,  of 
the  Major  Appliance  Laboratory,  General  Electric  Company,  Louisville,  organized  a 
"round  robin"  with  twelve  participating  laboratories.  These  laboratories,  some  of 
which  had  homemade  versions  of  the  Fenimore-Martin  equipment,  were  to  test  four  ma¬ 
terials  and  report  their  Oxygen  Index  values  using  their  own  interpretation  and  pro¬ 
cedures  of  how  the  test  should  be  made.  The  results  of  these  tests  are  given  in 
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Table  I  in  coded  form  as  far  as  the  identity  of  the  individual  laboratories  is  con- 
cernedo 

Aside  from  Labs  3  and  possibly  11,  which  reported  consistently  high  results,  the 
results  are  in  surprisingly  fine  agreement  considering  that  no  standard  procedure  was 
used.  Some  later  work  by  Lab  3  indicated  that  flowmeter  trouble  and  insufficient  ig-> 
nition  might  have  been  the  causes  for  the  differences  foundo  In  the  ease  of  Lab  11, 
it  was  felt  that  good  ignition  had  not  been  carried  out  and,  therefore,  this  point 
was  stressed  in  an  earlier  portion  of  this  paper„  A  statistical  analysis  of  the 
data,  omitting  the  data  from  Lab  3»  led  to  the  conclusion  that  "repeatability  within 
a  lab  is  less  than  between  labs".  This  unusual  statement  can  only  mean  that  the 
differences  found  at  their  worst  are  very  small. 

Parenthetically,  I  would  like  to  emphasize  at  this  point  that  Underwriters® 
Laboratories  is  one  of  the  participants  in  the  ASTM  "round  robin"  and  that  UL  has 
joined  in  this  work  with  great  enthusiasm.  Further,  the  excellent  interlab  agree¬ 
ment  on  the  first  "round  robin"  has  been  so  encouraging  that  those  of  us  on  the 
Task  Group  feel  confident  that  the  Oxygen  Index  Test  will  set  a  new  record  in 
ASTM  D-20  for  the  shortest  period  of  time  between  the  initiation  of  the  Task  Group 
and  the  acceptance  of  the  method  by  the  Society! 

What  can  be  done  with  the  Oxygen  Indices  for  various  materials  once  we  have 
them?  The  first  thing  that  can  be  done  is  to  line  up  materials  on  the  basis  of  their 
Oxygen  Index  values.  This  is  shown  in  Table  II, 

Then,  as  experience  with  this  method  is  obtained,  it  will  be  possible  to  put 
opposite  each  material  a  list  of  successful  applications  in  which  the  particular 
material  has  been  accepted  as  satisfactory  as  far  as  the  flammability  characteris¬ 
tics  are  concerned.  Eventually  with  such  a  list,  one  should  be  able  to  find  either 
an  exact  application  described  or  one  that  is  a  close  match.  The  materials  from 
the  list  that  will  meet  the  flammability  requirements,  then,  will  have  the  Oxygen 
Index  opposite  the  application  or  a  higher  one,  depending  upon  the  other  considera¬ 
tions  involved  in  the  material  selection.  If  one  were  to  put  his  mind  to  it,  there 
might  be  enough  data  on  hand  already  to  make  a  good  start  on  such  a  table. 

To  this  point  in  the  discussion,  we  have  been  discussing  a  more  or  less 
standard  thickness  sample,  of  say,  1/8  in.  We  feel  intuitively  that  there  must  be 
some  effect  on  the  Oxygen  Index  from  the  thickness,  because  it  certainly  is  much 
easier  to  get  twigs  burning  than,  say,  a  four-inch  log!  We  have  made  such  a  study 
on  polycarbonate  sheet  from  a  thickness  of  about  12  mils  up  to  250  mils.  These 
findings  are  shown  in  Table  III, 

As  expected,  the  thinner  specimens  burn  more  readily.  Whether  the  variations 
from  about  80  mils  to  250  mils  is  real  or  due  to  experimental  error  is  debatable  at 
present.  However,  when  the  fact  is  considered  that  polycarbonate  is  a  difficult 
material  to  bum  because  of  its  tendency  to  both  char  and  drip,  we  might  lay  the 
differences  at  the  door  of  experimental  error  is  debatable  at  present.  However, 
when  the  fact  is  considered  that  polycarbonate  is  a  difficult  material  to  burn  be¬ 
cause  of  its  tendency  to  both  char  and  drip,  we  might  lay  the  differences  at  the 
door  of  experimental  error.  This  conclusion  is  borne  out  to  some  extent  by  the 
wider  scatter  in  the  data  of  the  ASTM  "round  robin"  on  the  polycarbonate.  How¬ 
ever,  experience  has  already  shown  that  the  higher  the  Oxygen  Index  for  a  material, 
the  broader  the  scatter  in  the  results.  Regardless  of  the  argument  on  this  point, 
it  is  clear  that  below  80  rails,  the  Oxygen  Index  decreases  as  the  sample  thickness 
decreases. 
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To  summarize,  a  new  flammability  method  is  available  which  eliminates  most  of 
the  drawbacks  of  ignition,  definition  of  end  point  effects,  non-equklibrium  opera¬ 
tion,  and  fuzziness  in  the  description  of  the  results  o'^Clhe  method  allows  the  pre= 
cise  rating  of  materials  on  a  numerical  basis  and  provides  the  opportunity  to 
match  up  proved  applications  versus  Oxygen  Index  values  to  enable  the  designer  and 
user  of  plastics  materials  to  select  the  right  plastics  in  a  more  precise  way,  as 
far  as  flammability  is  concernedo  'y' 


-  46  - 


TABLE  I 


ASTM  D-20.30.03  "ROUND  ROBIN*'  #1  OXYGEN  INDEX  TEST  DATA 


MATERIALS 


LAB  NO. 

PP 

PMMA 

PC 

PVC 

1 

17.6 

17.7 

25.0 

40.0 

2 

17.8 

17.8 

23.7 

37.6 

3 

19.8 

19.7 

25.9 

41,8 

4 

17.5 

17.5 

23.9 

39.6 

5 

17.4 

17.5 

25.3 

42,0 

6 

17.5 

17.7 

24.4 

40.3 

7 

17.7 

18.1 

24.9 

41.3 

8 

17.5 

17.7 

24,4 

41,8 

9 

17.2 

— 

25.2 

«« 

10 

17.5 

17.5 

22.9 

36.6 

11 

18.3 

18.5 

26.5 

41.5 

12 

17.6 

17.5 

24,9 

41.2 
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TABLE  II 


OXYGEN  INDEX  RATING  OF  POLYMERIC  MATERIALS 


PER  CENT 

PER  CENT 

MATERIAL 

OXYGEN 

MATERIAL 

OXYGEN 

Acetal 

16.2 

Nylon  6-6 

28,7 

PMMA 

17.3 

Lexan(^)  3^1^-131  Resin 

PE 

17.4 

40'5^  Glass 

29.3 

PP 

17.4 

Lexan(^)  3^12-131  Resin 

SAN 

18.1 

20^  Glass 

29.8 

PS 

18.3 

PPO(R)  534  Resin 

30,0 

ABS/PC  Alloy 

20.2 

Polysulfone  PI? 00 

30,4 

Noryl(R)  731  Resin 

24.0 

Lexan(^)  2014  Resin 

31.5 

Lexan(^)  101-111,  -112  Resin 

25.0 

Lexan(f*')  DL444  (Experimental) 

39.7 

Lexan^^^  141-111,  -112  Resin 

Resin 

25.0 

Lexan^^)  DL444  Resin  plus 

Lexan^^)  Glass  Resin 

27.8 

205S  Glass 

42,0 

SE-1  Noryl^^)  Resin 

28.0 

Polyvinylidene  Fluoride 

43.7 

Polyvinyl  Chloride 

47o0 

Polyvinylidene  Chloride 

60,0 

Polytetrafluor ethylene 

95.0 
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FIGURE  2  Closeup  of  burning  sample 
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